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A Kinetic Study of the Sorption of Oxygen 
by Two Nova Scotian Coals 


F. E. Prercy, D. W. Murray and A. C. CUTHBERTSON 





Oxidation data obtained from measurements of the sorption of pure oxygen by two Nova 
Scotian coals are recorded at a temperature of 150°C. The sorption of the oxygen was followed 
by measuring the diminution of pressure with time while the coal samples were subjected to a 
tumbling action in the oxidation flask. These data have served as a basis for a kinetic analysis. 

Gaseous products other than carbon dioxide, sulphur dioxide and water vapour are formed in 
negligible quantities in the early stages of the reaction. Under these circumstances the removal 
of ‘acid gas’ and water vapour by a suitable absorbent makes it possible to measure with 
reasonable accuracy the oxygen pressure in the system at a given time. 

Data obtained from successive oxidations of the same sample of an Acadia seam coal 
indicate that the reaction is retarded by the sorbed oxygen. This retardation effect has been 
found to be proportional to the 0-5 power of the oxygen consumed. Also, it has been found 
valid to assume that the rate is directly proportional to the oxygen pressure. 

Rapid sorption takes place during the short time required for the addition of the oxygen 
to the system. Because of this rapid initial sorption on relatively fresh coal the initial pressure of 
oxygen P, cannot be accurately determined. As a result an effective initial pressure By, has 
been defined, and the rate equation found to apply takes the form 


— dP,/dt = k{P;/(By — P,)°* 


when P, is the pressure of oxygen in the system at any time t. This equation can be expressed 
on @ relative basis with respect to pressure, and on a unit basis with respect to a ratio mg/Wo, 
where my and W, represent respectively the number of grammes of oxygen and coal present 
at the beginning of the oxidation. If this form of the rate equation is then integrated and put 
in an approximate form, it has been found that P, plotted against (time)®®° is linear. The 
extrapolated intercept of the plot gives B, and from the slope a rate constant can be calculated. 
The equation has been applied successfully to eight samples of McBean seam coal of the 
same average particle size but with sample weights varying from 0-5 to over 4 grammes. The 
results for an Acadia seam coal are also recorded when the weight of the sample was kept 
constant while the particle size was varied over reasonably wide limits. 

The effect of diminishing the size of the coal particle on the rate constant is discussed briefly, 
and the view is expressed that grinding may result in the ‘mutual detachment’ of basic coal 
units. This detachment may cause some increase in the accessibility of the internal surface area 
of the coal particles to oxygen, and a corresponding increase in the rate of oxygen sorption. 
The energy of activation for the sorption process has been found to be about 21 500 calories. 





THE products of oxidation of bituminous coals where air or oxygen serve as 
oxidants, have been divided into four groups by W. J. KRAMERS'. They exhibit 
peroxidic, alkali soluble and water soluble properties. Gaseous products, 
chiefly carbon monoxide and carbon dioxide, are also formed. 

D. W. VAN KREVELEN? has pointed out that when gaseous oxygen serves as 
the oxidant a final product is obtained with an H/C and O/C ratio of about 
0-25 and 0-375 respectively. The ratios were found to be independent of the 
rank of the coals used. 

H. C. Howarp? has summarized the oxidation process in terms of an initial 
surface reaction followed by the formation of humic acids. The transition is 
accompanied by the evolution of oxides of carbon and some formation of 
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soluble organic acids. If the oxidation is prolonged or more drastic methods 
are used the humic acids suffer degradation with the evolution of carbon 
dioxide. 


R. E. Jones and D. T. A. TOowNSEND‘ report a difference in behaviour in the 
oxidation mechanism at a temperature of about 70°C. Below 70°C the main 
gaseous product was found to be carbon monoxide while at higher tempera- 
tures carbon dioxide and water are formed in much greater proportion. Also, 
the peroxygen complex formed in the presence of moist oxygen is unstable 
above 70°C. 


W. FRANcis and R. V. WHEELER® have shown that the surface of the coal 
can be ‘revivified’ by removing the substances sorbed, principally as oxides 
of carbon and water, but at temperatures somewhat higher than those chosen 
when the oxygen was fixed on the coal matrix. The products of oxidation, 
then, may exert a retarding effect on the course of the reaction. 


C. GEoRGIADIS and G. GAILLARD® have concluded that the reaction is a 
two-stage process, in which the first stage is diffusion controlled; and the 
second reaction concerns the decomposition of carbon—oxygen complexes. 


L. D. Scumipt and J. L. ELper? found the rate in air proportional to the 
0-61 power of the oxygen concentration; also the rate is inversely proportional 
to the fourth root of the oxygen consumed. These authors, as well as J. A. 
RADSPINNER and H. C. Howarp’, found that the logarithm of the oxygen 
consumed, plotted against the logarithm of the corresponding time, was 
approximately linear. 


L. D. ScHmipT® in his review of the oxidation of coal considers the rate to 
be proportional to the cube root of the specific surface, while, for instance, 
G. S. Scott and G. W. Jonges!® have concluded, for anthracite, that for sizes 
larger than 20 mesh the rate is directly proportional to the superficial surface 
area. For smaller particle sizes the effect of further subdivision is negligible. 
W. A. Frey" states that particles 4 to 5 mm in diameter sorb 25 per cent less 
oxygen than 0-1 mm particles. 


D. J. W. KREULEN” has recorded oxidation data on coals from experiments 
carried out over short periods of time, at temperatures somewhat over 
200°C. Using the production of humic acids as a measure of the oxidation he 
considers that the formation of the humic acids proceeds via one intermediate 
stage. The gaseous oxidation products are considered to be formed by a 
reaction quite independent of the reactions which lead to the formation of 
humic acids. 


EXPERIMENTAL 


The sorption experiments were carried out in a long necked 500 ml round 
bottomed flask enclosed in an accurately thermostat-controlled electric oven. 
The neck of the flask, fabricated from 0-5 in. tubing, extended outside the 
oven and was supported in a horizontal position by two generator ball bearing 
assemblies. A clamp, secured to the Pyrex neck between the two assemblies, 
was attached by means of a connecting rod to an eccentric turned by a geared 
electric motor. This arrangement caused the coal particles to undergo a 
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tumbling action in the oxidation flask. The portion of the neck which pro- 
truded beyond the outer ball bearing assembly was joined to the manometer 
by thick-walled but flexible oxygen-resisting rubber tubing in such a way as 
to provide a constant volume system. Reasonable precautions were taken to 
ensure that the effective volume was constant for the experiments recorded. 
The. corrected volume was taken as 520 + 2 ml. 


A thermometer was placed in the long horizontal neck with its bulb near the 
centre of the flask. The reading of this thermometer was taken as the tempera- 
ture of the experiment. 


Analyses have shown that ‘acid gas’ (CO, + SO,) and water vapour were 
the main gaseous products in the first 24 hours. It was therefore considered 
practical to pack the space in the neck of the flask, around the thermometer, 
with broken pellets of potassium hydroxide. Under these circumstances, the 
pressures recorded as P; are considered to correspond to the pressures of 
oxygen remaining in the system at any given time. This procedure has also 
been adopted in principle by P. Souter, J. R. WiLLIMoTT and T. G. HUNTER". 


It was found necessary to preheat the oxygen to the required temperature 
prior to its introduction into the oxidation flask. For this purpose a two litre 
Pyrex distilling flask was found suitable. After a thermometer had been 
suitably supported in the flask, the neck was sealed off. A two-way stopcock 
sealed to the side arm made it possible to evacuate the flask, fill with oxygen, 
and introduce the heated oxygen into the oxidation system at the required 
temperature. The time taken for its introduction was usually not more than 
one or two minutes. 


Representative analyses of the two coals are set out on a percentage basis 
in Table 1. . 


Table 1 





Volatile | Fixed | Sulphur 
Coal Ash matter carbon | in ash 











| 
Pictou (Acadia seam) | 138 29:1 57-1 2:8 
Pictou (McBean seam) | 11°6 29-0 59-4 0-4 
| ! 








Samples of Acadia coal used in the surface measurements, specific surfaces 
for which are listed in Table 5, were obtained by crushing and grinding large 
lumps of coal. After an initial coarse grinding, opposite quarters were 
thoroughly mixed and transferred to the coarser of two U.S. standard sieves 
chosen for the size range required. The coal particles which passed through 
the first but not the second gave an average particle diameter of 1 500 microns. 
After further grinding, the same procedure gave particles with an average 
particle diameter of 605 microns. This procedure was repeated four times. 


After the coal samples (which had been previously dried in vacuo at 40°C) 
were introduced into the oxidation flask and the potassium hydroxide pellets 
fixed in place, the system was evacuated for some hours at the chosen tem- 
perature to a pressure lower than 10-* mm of mercury. Oxygen was then 
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introduced until a pressure in the vicinity of one atmosphere* was reached. 
Pressure readings were taken at known time intervals on a Greiner absolute 
and differential manometer. 


A KINETIC ANALYSIS 

L. D. Scumipt and J. L. ELper’ carried out their sorption measurements on 
preoxidized coal; and they make special reference to the rapid initial rate of 
oxidation with freshly broken coal. Therefore it seems reasonable to assume 
that the mechanism involves a fast reaction which soon diminishes in rate; 
and then proceeds slowly for some days. The purpose of this section is to 
consider the factors which may be important in the definition of the slow 
reaction. 


Several investigators have mentioned that the rate of sorption of oxygen 
by coal is retarded by the sorbed oxygen and its resultant products. Figure 1 
shows in graphical form a series of sorption experiments carried out on the 
same sample of Acadia seam coal at 150°C. 
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Figure 1. Successive oxidation of Acadia seam coal 


In this series the original coal sample number 28 was first oxidized for five 
hours according to a standard procedure. The system was then evacuated and 
fresh oxygen was readmitted to bring the pressure to 760 mm of mercury. 
The course of the reaction number 28a was then followed for about 36 hours. 
This procedure was repeated in all five times. 


In view of the fact that the initial sorption is relatively rapid on ‘fresh 
coal’, it is necessary to make allowance for the oxygen sorbed during the short 
time interval when the hot oxygen is being admitted to the system. For reasons 
stated a little later, the initial measured pressure P, is not accurately known. 
In experiment 28, however, this allowance is designated as b,, and the effective 
initial pressure has been taken as P, + 5, 





* Reference is also made later to some preliminary experiments at lower oxygen pressures. 
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hed. In the succeeding experiments where sorption has already proceeded for 
lute some hours, the increments of 5, have been assumed to be given by the 
relationship 5,, x (initial rate/26), and the cumulative values will bedesignated 
bj,. 
Table 2 sets out pertinent data of experiments 28 to 28e inclusive. (ZAP + b;,) 
. - is proportional to the total oxygen consumed for the times recorded. 
te o 
sume Table 2. Acadia seam coal. Temperature 150°C. Successive oxidations 
rate; P, =~ 760 mm of mercury W = 3-159 g 
is to Nl ’ 
low | Total tines | eu onl Se 
Expt No. | beginning 7 each | bi, + TAP Initial rate mm/h | Second approxi- 
ygen ie | mation* 
ure 1 28 | 0 | belcale. 19 mm) 26-0 (113) 
1 the 28a 5 1-466, 86 12-0 127 
28b 40 | 1-716, 374 6-4 129 
28c | 6S 1-915, 531 5-1 121 
28d 97-5 | 2-085, 655 45 119 
28e 129 2:21b, 769 3-5 100 
End 28e 150 | 871 | — — 
} | | 
* by as a first approximation 
There is evidence® to support the view that the sorbed layer is stable at 150°C; 
also, in successive sorptions the retardation factor has been assumed additive. 
The initial rates set out in the fourth column have been measured with only 
fair accuracy. 

The calculation recorded in the last column of Table 2 suggests that the 
product of the square root of the retardation factor and the initial rate is 
constant. If the assumption that the rate is proportional to 1/[b,, + ZAP]**° 
is generally applicable to bituminous coals, a rate equation of the following 
form can be tested 

= dP,/dt = KEP (By =e P,)*5° eoee {1} 
when P; is the pressure of oxygen at any time ¢. This assumed equation then 
represents a first order reaction retarded by the sorbed oxygen when m, 
grammes of oxygen and W, grammes of coal are initially present. B,, is the 
five effective initial pressure the value for which may be determined by methods 
| and which are discussed a little later. 
pury. When the pressure terms are expressed on a relative basis with respect to 
ours. B,,, integration gives 
1 + ((B, — P,)/By]°*** : 
fresh In - (Bw )/Bul = — (Bu — Pi)/Bul*** = kit +I. .... [2] 
sh = (By Pray P;)/By\” ‘ 
short 
isons and the integration constant J, is given by the expression 
own. 
edie 0-50 
ctive 1 + (Bw — Po)/Bul — 2(By — P.)/B,|"** 
— ((B. ies P.)/B,)°*° 7 ‘ 
— when P, is the observed initial pressure. 
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When the oxygen is admitted to the evacuated system in the presence of 
the coal sample two opposing factors require consideration. First the pressure 
of the oxygen is increasing rapidly and concomitantly there is a rapid sorption 
of oxygen by the coal. 


As a result it was not possible to obtain accurate pressure readings for Po. 
So far as the authors can ascertain the initial pressures are somewhat higher 
than those recorded. Hence, the integration constant is probably smaller 
than the use of the P, values shows. 


The series expansion of the logarithmic term is slowly convergent and 
putting [(B,, — P;)/B,,]°*° = X°*° in equation 2 one obtains 


AEX’ + 4X + 4X... JH ket I, <<+e a 
For the values of P; with which this paper is concerned, it has been found 
that the following expression is a good approximation* for the series expan- 
sion 
(X)*? = kit + Io ‘cin 
and 
X = (kn avs 
even though the values of /, were as large as the observed values for Py would 
indicate. On rearrangement one obtains 


P; = — B,(k;)**° xX feo 1 Be dees [6] 


The plot of P; against r°*° should be linear with a slope — B,,(k,)°**, and an 
extrapolated intercept value B,,. 


Plots of five of eight samples of McBean seam coal of varying sample 
weights are shown in Figure 2, and appear to confirm the linear relationship. 
Results for experiments 4, 5 and 6 are equally good but were not included in 
order to avoid overlapping of the plots. 

In order to obtain a specific rate constant k,, the rate equation | must be 
expressed in a form which will take into account the number of grammes of 
oxygen mp, and coal W,, initially present in any experiment. 

To accomplish this purpose we may define an oxygen pressure P;,,) for a 
given time ¢ corresponding to an effective initial pressure B, when the ratio 
m,/W, is equal to unity. 

The above condition is nearly met in experiment |, Figure 2; and the follow- 
ing relationship then holdst for a constant surface 


B, — Pia) _ Mo B, — P,; 
es ie A ae 





or 
Pia) j-— o/m, — By + 1 / 
a _ Mo 


B, — CO 








* The power 1-67 is an average one for the range of values of the data presented. 
+ Based on plots of the experimental data. 
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where B,, and P; have their usual meanings and m,/W, has a value which 
may differ from unity for each experiment. If we remember that 


* 4s eee ee 


EAR AS The 
the form of the rate equation | which would apply to the unit ratio, when the 


mm Hg 


P. 
1 


’ 


Pressure of oxygen 





0 2 4 6 8 0.60 
Time [h] 


Figure 2. Graphical presentation according to equation 3, using 
data on McBeaén seam coal of varying sample weights 


pressure terms are expressed on a relative basis with respect to B,,, then 
becomes 





dP; , [BoWolmo—Bu + Pi) [BoWo] - 
ee dt ate [B,, 2 i << ee Mo 
Integration then gives 
1 X 0-50 
In > eae — UX)" =kt+1 wee 19] 
and / is now given as 
L + (X69) 
nage arom 

B, — P, Mo . 3 B, — Po Mo 

where X, = ken x W, ; and X, = P| x W, > 


The values of B,, may be obtained from equation 6 or from the use of 
equation 3 as set out in the next paragraph. 
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If X, and X, represent two values of [(B,, — P;)/B,] after the oxidation 
has proceeded for some hours, and the k,t terms are then large compared to 
I, one obtains as a first approximation 


X¥5 [1 + 0-6X, +043X2...] ts 


XV [1 + 0-6X, +0-43X?...] 9 ta 
The ‘X’ terms within the brackets can be replaced without much error by 
{((P. — P,)/Po] bearing in mind that both numerator and denominator are 
affected by the approximation. For experiment No. 8 B,, was found to be 848. 
As a second approximation, using 848 for B,, in the bracketed terms, B,, now 
comes out to be 845, in good agreement with the value obtained from equa- 
tion 6 and recorded in Table 4. 

The method, however, is rather cumbersome and may be subject to con- 
siderable error. 

If B,, is known, a plot of the values of the LHS of equation 9 versus time 
should be linear. The slope of the line is k, and the intercept should give J. 
In such a plot the ordinates represent small differences which suffer from 
relatively large errors and, for this reason, this method is not recommended. 





Table 3. Experiment No. 8 
| 








P; Numerical | Time 
mm | values, eqn 2 | h 

695 | 0-0578 2:25 
562 | 0-166 6°50 
534 0-196 7:50 
453 0-303 11-33 





Also, k, may be calculated when the integration constant, based on the 
approximate P, value, is taken into account. For experiment No. | using 
equation 9 the value of k, comes out to be 8-0 x 10-‘, and experiment No. 8 
gave a value of 7:3 x 10-‘ for k,. If the former procedure is adopted it is 
much better to use equation 2 in which case small differences are avoided and 


Table 4. McBean seam coal. 150°C 





r | | 
Expt | P B 








| 
0 w 0-60 

1 765 772 | 0-505 1:30 x 10 
2 | 769 | 786 | 1-000 1-38 x 10-2 
3 761 790 | 2-002 1-40 x 10-2 
4* | 770 | 794 | 3-004 1:32 x 10-7 
5* | 762 794 3-503 | 1-27 x 10-8 
6* | 778 | 809 4-044 1:30 x 10-2 
7 778 | 812 2-550 1:51 x 104 
8 | 795 | 848 4-407 1:33 x 10-8 

| | | Av. 1:35 x 102 

| | Av. k, 7:7 x 10-*h4 








* Not plotted in Figure 2. 

W, = sample weight in grammes, not corrected to an ash free basis. 
Volume of oxidation flask = 5 3 

The average particle size was taken to be 57 microns. 
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the slope is then given as k’. Table 3 records some data for experiment No. 8. 
If the k’ value is multiplied by [mm ./W,]***’ one obtains quite good agreement 
with the average value for k, recorded in Table 4. 

When the values of the function set out in Table 3 were plotted against time, 
the slope k, was found to be 0-0263. The intercept 7, was small, but its value 
could not be ascertained with much accuracy. Multiplying k, by (0-532/4-41)!**? 
gives k, as 7-9 x 10-4 h-. 

In the authors’ opinion the sorption constant k, is most conveniently and 
accurately obtained from the following simple relationship 


Ap’ = [slope (eqn 6)/B,] (mo/Wo) 


Values of k?**° calculated on this basis are recorded in Table 4 for the eight 
samples of McBean seam coal. The average value of k, is found to be 
7-7 x 10-4 ho. 

EFFECT OF SURFACE 
In order to study the effect of surface on the rate of sorption, measurements 
were carried out on 3-000 g samples of Acadia seam coal sized by the method 
outlined in the experimental section of this paper. 


800 


mm Hg 


P 
t 


Pressure of oxygen, 


500 


° 





400 
4 


F 0-60 
Time [h] 
Figure 3. As Figure 2 but using Acadia seam coal data and 
varying specific surfaces 


The specific surfaces given in Table 5 have been obtained from the plot on 
logarithmic scale of Tyler Screen numbers versus specific surface*® and are 
based on the data originally obtained by L. W. NEEDHAM and N. W. HILL". 
The specific surfaces recorded should be considered only as good estimates of 
the external surface. However, the data which are given are, in the opinion 
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of the authors, to be preferred to those which assume the coal particles to be 
spheres with a density of 1-37. 


The sorption constants k, for the Acadia seam samples were obtained by 
the use of equation 6, i.e. by following the same procedure which was adopted 
for the McBean seam sample data which are already recorded in Table 4. 


Table 5. Acadia seam coal. 150°C 











, Estimated 
ad 

No e ” surface h-* 

‘ nblkg 
9 768 806 42 | 2:9 x 10-* 
10 761 788 13 3-6 x 10-4 
11 776 806 25 49 x 10-4 
12 783 818 103 5-8 x 10-4 
13 764 796 187 64 x 10-4 

DISCUSSION 


L. D. Scumipt and J. L. ELper’ in their work on the air oxidation of repre- 
sentative American coking coals at temperatures up to nearly 100°C, found 
the rate proportional to the 0-61 power of the oxygen concentration in the 
gas phase, and inversely proportional to the 0:25 power of the amount of 
oxygen consumed. A piot of a rate/time curve on the above basis using our 
data has been made and compared with a plot on the same data but using 
equation |. The curves are similar but not superimposable. The difference 
might be attributed to the fact that air served as the oxidant in one case and 
oxygen in the other. Also, the expression for the retardation may be a func- 
tion of the temperature. It has been found, however, that equation 6 is 
applicable at 125°C to a sample of Acadia seam coal, and gave a value for k, 
of 9-3 x 10-* h-'. It is therefore probable that the fractional power 0-5 is 
constant over the 25° range. 


At 150°C the same sample of Acadia coal for which the particle size was 
not recorded gave k, as 5-3 x 10~‘ as an average value from two experiments. 
The energy of activation then works out to be 23300 calories. Dominion 
seam coal was found to have a value of 19700 calories over the same 25° 
range. Other values reported are 11000’, and 16000 below 84°C up to 
25 000° calories at higher temperatures. D. W. VAN KREVELEN? states that the 
rate nearly doubles for a rise of 25°C, while D. J. W. KREULEN’ records 
energies of activation from 17300 calories for low rank coals up to 40000 
calories for coals of high rank. 


Frequently when P; is plotted against 1°-*°, the points of the plot up to the 
end of about the first hour tend to be somewhat low. This could be attributed 
to the fact that the surface temperature of the coal particles in the early stages 
of the reaction may be slightly higher than the oven temperature and may 
result in sorption values which are too high. It is more probable, however, 
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that the power of the time which has been taken as 0-60 may be slightly in 
error and is the main cause of the deviations. It should also be noted that the 
extrapolated value for B,, is probably in error by + 5 mm. 


Gaseous products other than ‘acid gas’ and water vapour accumulate 
slowly as the sorption process proceeds. Therefore the P; values are subject to 
incteasing error over long periods of time. Experiments Nos 28 to 28d in- 
clusive are examples of separate experiments which may be treated as if they 
provided a continuous series of sorption values under conditions where the 
cumulative error from gases such as hydrocarbons, carbon monoxide, etc., is 
minimized. It should perhaps be noted that the average size of the particular 
sample of Acadia seam coal used for experiment No 28 was not recorded, but 
a plot of the logarithm of the oxygen sorbed versus the logarithm of the time 
is linear with a slope of 0-60; and k, is about 4 x 10-* h-. 


The surface effect on the rate constant k, is small, but the results are in 
rough general agreement with those recorded by other investigators. E. M. 
DreseEL and M. GriFFITH™ showed that the usual methods of grinding coal 
do not create new surface to an appreciable extent but rather may increase 
the accessibility of the internal surface. These conclusions are based on heat of 
wetting measurements in methanol. Drastic grinding in a ball mill can, 
however, produce fresh internal and external surfaces but this procedure was 
not adopted in the course of the present work. 


It seems reasonable to suppose that, as the particle size of the coal is di- 
minished, the pore structure may become somewhat more susceptible to 
penetration and the increase in oxygen sorption noted with decreasing particle 
size may be due to the difference in the rate of the penetration of the oxygen 
into the pore structure of the coal. From a plot of the available data as set 
out in Table 5, it would appear that further normal grinding would give a 
limiting value for k, somewhat larger than 6:5 x 10-* h-' which value 
corresponds to an estimated specific surface of 187 m?*/kg. 


It will be noted that the data presented in Tables 4 and 5 are based on an 
initial oxygen pressure in the vicinity of one atmosphere, and the question 
naturally arises as to whether the kinetic equation is equally applicable at 
lower oxygen pressures. For the same weight of coal, particle size distribution, 
and volume of oxygen at a given temperature one would expect the plots of 
P; versus 1°°*° for different initial pressures to be linear and have the same 
slope. Experimental data have been obtained at initial pressures of 781, 381 
and 190 mm on McBean seam coal. The results are in fair agreement with the 
premise. It should be noted, however, that pressure readings for P; tend to be 
less accurate at lower pressures and the preliminary data will require further 
confirmation. 


Under the experimental conditions imposed during the course of this work, 
water vapour may play a relatively insignificant role, and the mechanism 
advanced may not apply where ‘moist’ oxygen serves as the oxidant. The view 
then that the sorption of oxygen by bituminous coals at elevated temperatures 
may be treated as a first order reaction retarded by the sorbed oxygen should 
perhaps be limited to the conditions as set out earlier in this investigation. 
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Dynamic Hardness of Coal 


H. Honpa and Y. SANADA 





The Shore rebound scleroscope number of fourteen coals of every rank has been determined- 
The relation between Shore rebound scleroscope number and rank of coal shows a maximum 
at about 80 per cent carbon and a minimum at about 90 per cent carbon content like that 
between static indentation hardness number and rank of coal. The fraction of elasticity and 
plasticity of coals is deduced from the impact energy, the elastic energy and the plastic energy 
measuring the mass, the height of fall and the height of rebound of the indenter. By measure- 
ments of the chordal diameter of the indentation of coals, approximate values of Young’s 
modulus (dynamic) of coals are deduced from the elastic energy and the dynamic yield pressure. 
The calculated values of dynamic Young’s modulus are larger than that of static Young’s 
modulus. The relation between Shore rebound scleroscope number and Vickers hardness 
number approximately agrees with the theoretical curve but the upper portion is pushed over to 
the right beyond the theoretical curve. 





IN general, hardness implies resistance to deformation. In deformation pro- 
cesses, time and temperature play an important role; a deformation which is 
completely elastic when executed quickly may become plastic if it is executed 
slowly. The static indentation hardness? (Vickers hardness, Brinell hardness, 
etc.) of a material may, in general, be expressed in terms of the plastic and, to 
a lesser extent, the elastic properties of the material concerned. On the other 
hand, the dynamic hardness? (Shore rebound scleroscope number, etc.) 
involves the dynamic deformation or indentation of the material and may be 
expressed quantitatively in terms of the plastic and elastic properties of the 
material. Consequently the measurements of dynamic hardness of coals may 
provide an insight into the structure and properties of coals. 


EXPERIMENTAL PROCEDURE 

Parallelepiped-like coal specimens about 5 cm wide, 5 cm long and about 1-5 
cm thick were cut perpendicular to the bedding planes, using a motor-driven 
diamond cutter. One plane surface perpendicular to the bedding planes of 
the specimens was highly polished by using glass plates with carborundum and 
alumina, and woollen cloth with alumina. The hardness of the vitrain layer of 
the specimens was measured with a Shore rebound scleroscope having a | mm 
diameter diamond spherical indenter which weighs 2-23 g and falls from 254 
mm height. The scleroscope scale of 224 mm height is divided equally into 
140 divisions, i.e. one division of the reading scale is 1-6 mm. The Shore 
rebound scleroscope number was determined from the average value of ten 
to twenty measurements on the rebound height of the indenter. On the 
bituminous coals, the experimental error of the scleroscope number was about 
+ 3 per cent. The chordal diameter of the indentation on the vitrain layer 
formed after impact was measured by the microscope. The characteristics of 
the various vitrains are listed in Table /. 
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Table 1. Analyses of coals used 























Proximate analysis %, | Ultimate analysis (d.a.f.) % 
Source Moi } Fixed Swell 
ois- ixe. Powe Oye well- 
ture Ash | VM carbon Cc H | O+N+S ing No. 
Anthracite Hongei | 2-08 | 0-98 | 6-14 | 90-80 | 93-02 | 3-26 3-72 | None 
(Shikamachi | 1-16 | 2:52 | 21-16 | 75-16 | 88-76 |4-70| 654 | >9 
Cokin coal 4 Yatake 1:26 | 3-04 | 20-54 | 75-16 | 88-71 | 4-35 694 | >9 
od American 1:55 | 1:17 | 26-26 | 71-02 | 87-68 | 4-80 7°52 >¢ 
| Hashima 1-24 | 2:09 | 35-91 | 60-76 | 86°59 | 5-56 | tts 1 >> 
( Oyabari 1:35 | 2:76 | 40-34 | 55-55 | 84-79 | 6-23 898 | >9 
: ) Miike 1:21 | 3-36 | 43-95 | 51-48 | 84-53 | 6-11 9:36 .|. 85 
Caking coals ‘Yinar; 2-28 | 2-70 | 42-08 | 52-94 | 82-88 |5-96| 11-16 | 7:5 
| Ashibetsu 2:98 | 4:05 | 42-93 | 50-04 | 81-11 | 5-49 13-40 | 5 
Non-caking { Bibai 2-78 | 3:10 | 41-81 | 52-31 | 80:90 | 5-87 | 13-23 3°5 
coal Takamatsu 4-67 | 2:29 | 41:10 51-94 | 78-95 5-01; 16-04 2 
| " 
{ Tsuzura 5-83 | 5-47 | 45°80 | 42-90 | 77-64 | 5:39| 16:97 1-5 


Brown coal < Tempoku- | | 
Menashi | 12-41 | 1-40 | 42-91 | 43-28 | 69-82 | 4-91 | 25:26 | None 


Lignite Ohira 11:53 | 8-07 | 45-00 | 35-40 65-10 | 5-00 | | 29-90 | None 





Table 2. Shore rebound scleroscope number, height of rebound and chordal diameter of 
indentation of coals and other substances 











hi | | 
| Carbon! MI Hy —_—_ da | hy d 
Source | d.a.f. Pecan 
*> - % | kg/mm* " No ope | mm mm 
Hongei 93-02 | 7699 | 543 | 122 | 195-2 | 
Anthracite + ‘American | 91-44 | | 373 | 
Shikamachi 88-76 | 11-08 | 9:3 44 | 70-4 | 0-763 
Coking coal } Yatake 88-71 902 | 97 45 | 72-0 | 0-775 
American | 87-68 | 28-43 | 16-1 65 | 104-0 | 0-700 
| Hashima | 86:59 | | 59 | 94:4 | 0-705 
( Oyabari | 8479 | 3803 216 | 105 | 168 | ots 
P | Miike | 84-53 | 38-23 | 21-7 10 164-8 
Caking coals ‘Yiparj | 82:88 | 53-26 | 25-7 | 106 | 169-6 | 
Ashibetsu | 81 | | 107 171-2 | 
| 
| | | | 
Non-caking f§ Bibai | 80:90 | 63-25 | 29-0 | 107 171-2 | 
coal Takamatsu 78-95 | 67:08 | 24-4 109 174-4 | 0-565 
Tsuzura 77-64 | 63-32 | 242 | 96 153-6 | 0-591 
Brown coal foo 69-82 | 85-58 | 22-8 94 | 150-4 | 
| | | | 
Lignite Ohira | 65:10 | 79:30; 7-7 | 53 | 84:8 | 0-710 
| | } 
Phenol-formaldehyde resin | | 43-1 102 | 163-2 | 
Malic acid-glycol-styrene resin 17-8 91 145-6 | 
Rosin | 88 26 41-6 
Hard pitch | 26 | 26°5 | 42: (08s 
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SHORE REBOUND SCLEROSCOPE NUMBER OF COAL 


The Shore rebound scleroscope number, the height of rebound and the 
chordal diameter of the indentation of coals are presented in Table 2, together 
with the microstrength index and the Vickers hardness number*. Figure J 
shows the relation between Shore rebound scleroscope number and rank of 
coal, For lignite, brown coal and non-caking coal the Shore rebound sclero- 
scope number increases with rank, and reaches a maximum at about 80 per 
cent carbon content. For caking coal and coking coal the Shore rebound 
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Figure 1. Relation between Shore 
rebound scleroscope number and 
rank of coal 
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scleroscope number decreases with rank to a minimum at about 90 per cent 
carbon content; for anthracite the Shore rebound scleroscope number sud- 
denly increases again. These results are similar to those obtained by the static 
indentation method*-*, 


ELASTICITY AND PLASTICITY OF COAL 
The indenter has a mass m.and a spherical tip of radius of curvature r, and it 
falls from a height A, on to a flat coal surface. After the collision the indenter 
rebounds to a height A, and leaves a permanent indentation in the coal surface 
of chordal diameter d = 2a. Clearly the energy of impact W, is given by 


W, = mgh, ee 


After the collision the coal surfaces recover elastically and the indenter is 
ejected from the indentation. Since this process is elastic, the energy of 
rebound W, is equal to the elastic energy. Hence 


W, = mgh, ecole ae 


On the other hand, after impact has occurred the energy lost by the collision, 
i.e. the work done as plastic energy in producing the permanent indentation, 
is given by 

W, = W, — W, = mg(h, — h,) ove [3] 
Since m = 2:23 g and h, = 254 mm in the scleroscope we used, the elastic 


energy W, and the plastic energy W, are calculated by measuring A, using 
equations 2 and 3. 


The impact energy W, is constant, consequently W,/W, and W,/W, show 
the fractions of elasticity and plasticity of coal respectively. The values of 
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W., W;, W./W, and W,/W, are shown in Table 3. For lignite, brown coal 
and non-caking coal the elasticity increases with rank reaching a maximum 
at about 80 per cent carbon content. The elasticity decreases slightly with rank 
for caking coal and suddenly for coking coal to a minimum at about 90 per 
cent carbon content; for anthracite the elasticity suddenly increases again. The 


Table 3. Elastic energy, plastic energy, elasticity and plasticity of coals and other substances 


| | 











| | 
Carbon | W, | W, W/W, | W/W, 

Source 665. |e |. oe 

% | xe xo x ” 
| | 

Hongei 93-02 427 | 1:29 | 7680 23-20 
Anthracite 4 Shikamachi 88-76 1-54 | 4-02 27-70 72:30 
Yatake 88-71 1:58 3-98 28-42 | 71-58 
Coking coal< American 87-68 2:28 328 | 41-01 | 58-99 
Hashima 86-59 2:07 | 3-49 37:23 | 62:77 
( Ovabari 84-79 3-68 | 1-88 66-19 | 33-81 
; Miike 84-53 3-61 1-95 64-93 35-07 
Caking coat | Yabari 8288 | 371 | 185 | 6673 | 3327 
Ashibetsu Sill | 375 | 1-81 67-45 32-55 
Non-caking { Bibai | go90 | 3-75 1-81 67-45 | 32-55 
coal Takamatsu | 78-95 3-82 | 1-74 68-71 31-29 
Tsuzura 77-64 336 | 220 | 60-43 39-57 
Brown coal { Tempoku-Menashi 69-82 3-29 | 2:27 59-17 | 40-83 
Lignite Ohira 65:10 | 186 | 3-70 33-45 | 66°55 
Phenol-formaldehyde resin | 3-57 | 1-99 64:21 | 35-79 
Malic acid-glycol-styrene resin 3-19 | 2:37 57-37 42:63 
Rosin | O91 | 4-65 16-37 83-63 
Hard pitch | 0-93 | 4-63 16-73 83-27 








change of plasticity with rank of coal is exactly inverse to that of elasticity. 
Though the caking coals of about 80 to 85 per cent carbon content have about 
70 per cent elasticity and about 30 per cent plasticity, the good strong coking 
coals of about 90 per cent carbon content have about 30 per cent elasticity 
and about 70/per cent plasticity. This contrast is very interesting as regards 
the structure and properties of caking and coking coals. 


YOUNG’S MODULUS AND DYNAMIC HARDNESS 
After the impact has occurred, there is a release of elastic stresses in the in- 
dentation. Therefore the radius of curvature of the indentation is not r, but 
is somewhat greater, say r,. The relation between r,, r., the chordal diameter 
d and load of the indenter F according to H. HERTZ’s equation’ is as follows 


Pee ee [ e)| call 


“Fa 





where f(E) = (1 — o?)/E, + (1 — o?)/E,. Here E, and E, are Young’s 
144 
















1 coal 
mum 
rank 
0 per 
. The 


tances 








55 
@ = 


57 
)-83 


5°55 


5-79 
2-63 
3-63 
3-27 





ticity. 
about 
oking 
sticity 
-gards 


he in- 
r, but 
meter 
lows 


- [4] 


oung’s 





VIIM 


DYNAMIC HARDNESS OF COAL 





moduli for the indenter and the surface of the material respectively, and o,, 
a, are Poisson’s ratios. The energy of rebound? is given by 


W, = mgh, = 0-3 (F*/a)f(E) <i 


Assuming the dynamic yield pressure (or hardness) P, is approximately 
constant so long as plastic flow continues, the force F at the end of indenta- 
tion is equal to P,ra* and the dynamic yield pressure is by definition given by 


p, — Vs _ mshi — tha) _ 4rumg(h, — ths) 
Ee whey V, ie na‘ 


where V, is the volume of the remaining permanent indentation and is ap- 
proximately equal to (7a*)/(4r.), and V, is the apparent volume of the indenta- 
tion which would be obtained if the indentation were considered to have the 
same radius of curvature as the indenter. The time of impact, when the stresses 
during collision exceed the elastic limit and plastic flow occurs, is found? 
from 





- [6] 


t = 4n(m/2nrP,) eee 


On the other hand, since the Vickers hardness Hy is defined as the load 
divided by the surface area of the indentation, the static yield pressure is 
related to the Vickers hardness number by the relation 


P, = Hy/sin 40 = Hy/0-9272 ey 
where @ is the angle between opposite faces of the diamond indenter (136°). 


Table 4. Static yield pressure, dynamic yield pressure and time of impact of coals and other 

















substances 
| | 
| Carbon | P, Py t 
Source | d.a.f. | 
| y 4 kg/mm? kg/mm? | see x 10? 
4» J Hongei | 93-02 | 58-56 
Anthracite + American | 91-44 40-23 | 
( Shikamachi | 88-76 1003 15:18 107 
: Yatake | 88-71 ‘ ‘ ; 
Coking coals American 87-68 17-36 20:34 0:93 
| Hashima | 86°59 | 19-99 0-94 
( Oyabari | 8479 | «(23-30 39-42 | 067 
Caking coal< Miike | 84-53 23-40 
| Yabari | 82-88 27-72 | 
Non-caking { Bibai | 80-90 31:28 | 
coal Takamatsu | 78-95 | 2632 | 41°78 | 0-65 
| 
; Tsuzura 7764 | 26:10 | 36°31 0-69 
Brown coal 1 ee | 69-82 24-59 | ! 
Lignite Ohira | 65-10 8-30 | 19-87 | 0-94 
Phenol-formaldehyde resin | 4648 | | 
Malic acid-glycol-styrene resin | 19:20 S| 
Rosin | 9-49 
Hard pitch | 280 | 1220 | 1:20 
{ | 
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The dynamic yield pressure (or hardness) P, of coals is shown in Table 4 
together with the time of impact ¢ and the static yield pressure P, deduced 
from the Vickers hardness number® according to equation 8. The dynamic 
yield pressure P, is always larger than the static yield pressure P,. This differ- 
ence between P, and P, is particularly marked with soft materials such as 
hard pitch. For lignite, brown coal and non-caking coal the yield pressure 
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increases with rank and shows a maximum at about 80 per cent carbon. The 
yield pressure decreases with rank for caking coal and coking coal, reaching a 
minimum at about 90 per cent carbon content; for anthracite the yield pres- 
sure suddenly increases again. Figure 2 shows the relation between time of 
impact and rank of coal. For lignite, brown coal and non-caking coal the 
time of impact decreases with rank and shows a minimum at about 80 per 
cent carbon. For caking coal and coking coal the time of impact increases 
with rank reaching a maximum at about 90 per cent carbon content; for 


Table 5. Static Young’s modulus and dynamic Young’s modulus of coals and hard pitch 








Carbon | E,, calc. Eu, caic. | Ea, cale. 
Source | daf. | "Boos date. 
: Se dyne/cm* < 10-19 | dyne/cm? x 10 7 
, J Hongei | 93-02 | 1-47 | 
Anthracite > American 91:44 | 1-01 | 
| 
( Shikamachi | 88-76 | 0-25 2:18 = 
atake | 88-71 0-26 1-°6 
Coking coal ; merican 87-68 0-43 | 2:04 | 4:74 
| Hashima | 865° | 2:23 
Oyabari | 84-79 | 0-58 2-64 | 455 
Caking coal < Miike | 84-53 | 0:59 
Yabari | 82:88 | 0-69 
Non-caking J Bibai | 80:90 | 0-78 
coal Takamatsu | 78-95 | 0-66 | 2-71 4-11 
Tsuzura | 77-64 | 0-65 2-66 4-09 
mon cont | | 69-82 | 0-62 
= | | 
Lignite Ohira 65-10 | 0-21 2-49 11-86 
Hard pitch 
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anthracite the time of impact perhaps decreases again. The time of impact is 
larger for coking coal and lignite which have larger plasticity. 


Where the hardness of coal is measured by a Shore rebound scleroscope, 
Young’s modulus of the indenter is very much higher than that of coal and 
E, > E,; if we assume a value of 0-3 for o, and o,, from equations 5 and 6 
the dynamic Young’s modulus of coal is given by 


E = 0-91 x 0:3 w*a*Pi/mgh, 
= 4-4 {rimg(h, — gh,)*}/a*h, [9] 


Table 5 shows the dynamic Young’s moduli of coals Eq, caic. calculated from 
equation 9 together with the static Young’s moduli of coals E,, caic, calculated 
from the Vickers hardness numbers of coals*. These calculated values of 
dynamic Young’s modulus are always larger than those of the static Young’s 
modulus as shown by K. INouyE and H. TANr® and coincide in their order of 
magnitude with that measured by the dynamic resonant frequency method*""". 





bead 
So 


dynefem2 
Ld 
Z 








r=) 

Le 
Figure 3. Relation between calculated ef 15;-— 
Young’s modulus and rank of coal up 





8 





05 aoe Meee: Oa 




















60 70 80 90 10 
Carbon(d.af.) % 


Figure 3 shows the relation between calculated Young’s modulus and rank 
of coal. For lignite, brown coal and non-caking coal £,, caic, increases with 
rank, and shows a maximum at about 80 per cent carbon content. For caking 
coal and coking coal Ey, eaic. decreases with rank, reaching a minimum at 
about 90 per cent carbon content; there is a sudden increase for anthracite. 
This relation coincides well with that between -£,, caic, and rank of coal. 
For lignite, brown coal and non-caking coal the value of E,, caic./Es, caic. 
decreases with rank and shows a minimum at about 80 per cent carbon con- 
tent. For caking coal and coking coal the value of E,, caic./E;, caic. increases 
with rank reaching a maximum at about 90 per cent carbon content. For 
anthracite the value of E,, caic./Es, eaic. perhaps decreases again. That is, this 
ratio is larger for coking coal and lignite having smaller values of Young’s 
modulus or hardness. 
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SHORE REBOUND SCLEROSCOPE NUMBER AND VICKERS HARDNESS NUMBER 
From equations 5 and 6 the following relation is obtained 


hs mg 10 es ¥ 
P= aap wer (Re) <a 
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Figure 4. Dynamic yield pressure (or hardness) as a function of 
the height of rebound for a fixed height of fall of 100 cm. Full 
line—assuming that Young’s modulus is the same for all materials; 
broken line—assuming that for softer materials Young’s modulus 
has a smaller value than for hard materials (after D. TasBor*) 


Applying the conditions mentioned above for £,, E., 0, and o,, equation 10 
becomes 

















coy hs mg 

(h, eos $h.)° 109r8 
Assuming F is constant and plotting P, as a function of A, for a given height 
of fall h,, the theoretical curve is as shown in Figure #. 


Figure 5 shows the relation between Shore rebound scleroscope number and 
dynamic yield pressure for coals. This curve agrees with the theoretical curve 
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in Figure 4. Figure 6 shows the relation between Shore rebound scleroscope 
number and Vickers hardness number for coals. This curve approximately 
agrees with the theoretical curve in Figure 4, except the upper portion which, 
in Figure 6, is pushed over to the right beyond the theoretical curve of Figure 4. 
This is because the Vickers hardness numbers are obtained when appreciable 














ii P| ae 
2 





Figure 6. Relation between 

Shore rebound _ scleroscope 

number and Vickers hardness 
number for coals 





80 7 ae : 
a} — we 
§ 2 ie Sr ee 

al | 
0 0 2 30 4 5S & 
Vickers hardness number Hy kg/mm? 




















plastic deformation has occurred, whereas for the harder coals the sclero- 
scope hardly produces indentations. 

The relation between microstrength index and Shore rebound scleroscope 
number is shown in Figure 7. The microstrength index of coals over the range 
from 78 to 93 per cent carbon content is roughly proportional to the Shore 
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rebound scleroscope number, but for younger coals with less than 70 per cent 
carbon the linear relation does not apply like the relation between micro- 
strength index and Vickers hardness number’. It is interesting that the typical 
Japanese caking coals, Oyabari coal and Miike coal, deviate from the linear 
relation and comparatively these coals have more elasticity: 
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Determination of Nitrogen in Coke by the 
Semimicro Kjeldahl Method 


R. A. Mott and H. C. WILKINSON 





The conclusion of Belcher and Bhatty, that in the semimicro Kjeldahl method the use of 
selenium in the mixed catalyst leads to loss of nitrogen in the prolonged digestion period 
required for coke, has been confirmed. Using their modification of the Dumas—Schéniger 
method as a reference method, the authors of the present paper have modified the semi- 
micro Kjeldahl method to give substantially the same results for a series of cokes, and have 
shown how the digestion time may be shortened. The essential features which enable the 
digestion period to be reduced to 2 h for many cokes (apart from the omission of selenium 
from the catalyst) are the use of coke ground to pass 240 mesh and a suitably high concen-, 
tration of potassium sulphate in the catalyst-sulphuric acid mixture. 





THE determination of nitrogen in coal has been so simplified by the standardi- 
zation! 2? of a semimicro Kjeldahl method that it can readily be applied as a 
routine test in fuel laboratories. The determination of nitrogen in coke has 
not, hitherto, been reduced to the same state of simplicity because of the 
prolonged digestion period required with sulphuric acid and the mixed 
catalyst found suitable for coal. It is, however, desirable that a rapid 
routine method should be available, for the determination of nitrogen is of 
importance in at least two problems. In making a thermal balance for the 
reactions in a blast furnace it is desirable to make a correction to the nitrogen 
content of the exit gases for that contributed by the coke. If the carbon, 
hydrogen, sulphur, nitrogen and mineral-matter contents of coke can be 
determined with suitable accuracy, then the oxygen content can be cal- 
culated by difference; and suitable methods are available for all these 
characteristics save nitrogen. Thus it was considered desirable to standardize 
a suitable procedure for nitrogen; having achieved this, a problem such as 
that of the calorific value of carbon in coke can be considered. 


Other work on this subject has been reported by R. BELCHER and M. K. 
BuATTY*, who showed that the long time of digestion required for coke 
made the use of selenium in the mixed catalyst undesirable. They also 
modified the Dumas—Schéniger method to give a procedure suitable for the 
semimicro determination of nitrogen in coke. The present authors’ work 
has been concerned with the modification of the semimicro Kjeldahl method, 
as used for coal, to make it suitable for routine use for coke. To some extent 
this work followed lines parallel to those of Belcher and Bhatty (the adverse 
influence of selenium in the mixed catalyst being confirmed), but it was 
primarily concerned with the specification of a procedure which would be 
suitable for routine use. For this purpose the authors were loaned the 
Dumas-Schéniger apparatus as modified by Belcher and Bhatty, whose 
method has been used as a reference for the semimicro Kjeldahl method. 
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CATALYST 
Earlier work has been described in two papers presented to Panel | of the 
British Coke Research Association’. The originators! of the semimicro 
Kjeldahl method for coal recommended the use with 0-1 g of coal of 3 ml 
of sulphuric acid (sp.gr. 1-84) and 1 g of mixed catalyst containing 0-842 g 
of potassium sulphate, 0-132 g of mercuric sulphate and 0-026 g of selenium; 
they found that the digest cleared on boiling for 10 min and that an ‘after- 
boil’ period of 15 min was required to convert ring nitrogen into ammonia. 
With the mixed catalyst used by them, | g was found to be equivalent to | ml 
and the measurement of the catalyst by volume was advised. Unfortunately, 
the bulk density of the mixed catalyst depends on the fineness of division 
of the components and it was later found in these laboratories that | ml of 
the mixed catalyst currently weighed 1-65 g. With a high-rank Durham coal 
(Type 301), it was found that, with the use of | g of mixed catalyst and 3 ml 
of sulphuric acid, an after-boil period of 45 min was required to obtain the 
maximum (1-64 per cent) nitrogen. With the same coal but using 1-65 g of 
mixed catalyst, a lower maximum (1-59 per cent) nitrogen was obtained 
with an after-boil period of 20 min, longer periods causing loss of nitrogen. 
If, however, 1-65 g of mixed catalyst was used with 3-5 ml of sulphuric acid, 
a maximum nitrogen of 1-70 per cent was found after 30 min after-boil 
and the maximum did not decrease until the after-boil period was extended 
to 60 min. 

It was concluded that, for coal, the practical solution was to specify the 
amount of the very active mixed catalyst by reference to the amount of 
sulphuric acid and to limit the duration of the after-boil (and of the total 
heating) rigidly to avoid secondary decomposition of ammonium compounds. 
The relationship specified was that the volume (ml) of sulphuric acid should 
be twice the weight (g) of mixed catalyst, equivalent to 18 per cent by weight 
of potassium sulphate in the catalyst-sulphuric acid mixture, and the volume 
of sulphuric acid favoured was 3-0 ml. This rule was accepted? by the Divi- 
sional Analysts’ Committee of the National Coal Board but the volume of 
sulphuric acid was altered to 4-0 ml, a step from which the authors did not 
dissent. 

In earlier tests on coke 4 ml of sulphuric acid was used and 2 g of mixed 
catalyst A (32 parts potassium sulphate, 5 parts mercuric sulphate and | part 
selenium) or catalyst B (omitting the selenium). Since a probable method of 
reducing the long time of digestion of an unreactive coke was to reduce the 
particle size, comparative tests were made using coke through 72 mesh* 
(approximately 33 per cent of each of the following sizes: 72-120, 120-240 
and through 240) and the same coke ground to approximately 90 per cent 
through 240 mesh. The results are recorded in Figure J. It will be observed 
that, for this unreactive coke (C.A.B. 0-085), the results for catalyst A, 
containing selenium, were more satisfactory than those for catalyst B and 
that there was no clear indication of an advantage in decreasing the size of 
the coke to 90 per cent through 240 mesh. 


The next series of experiments employed catalyst A, containing selenium, 
and was designed to determine the effect of size of coke on the period of 





* All sieve sizes in this paper refer to B.S. test sieves. 
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digestion required to give a maximum observed nitrogen content. For this 
purpose, a series of cokes varying in reactivity [as judged by the Critical 
Air Blast (C.A.B.) test] was used, the C.A.B. varying from 0-034 to 0-085. 
The results are recorded in Figure 2. For all cokes with a C.A.B. of 0-048 or 
more, the material 95 per cent through 240 mesh gave a maximum earlier 
than did the material 100 per cent through 72 mesh, but the through-72-mesh 
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coke tended to give a higher maximum. This was particularly marked for 
the coke of C.A.B. 0-042; unfortunately, the coke of lowest C.A.B. (0-034) 
was only available in through-240-mesh size. This effect could be attributed 
to the secondary decomposition of ammonium compounds with the mixed 
catalyst A containing selenium. 


At this stage in the investigations the results of Belcher and Bhatty were 
made available to the authors, who subsequently used their Dumas-— 
Schéniger apparatus as a reference method because it was clear that the 
assumption of the maximum attainable nitrogen being the correct value 
was not necessarily valid. Three methods for the determination of nitrogen 
were tested, all using material ground 100 per cent through 240 mesh, for a 
series of cokes varying in reactivity. The three methods are specified below. 


Method A. Dumas-Schéniger—using 50 mg of coke mixed with sufficient 
powered copper oxide to give a column 4 cm long in a combustion tube of 
about 0-8 cm diameter, supported by asbestos plugs between layers of copper 
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oxide (wire form) 8 and 2 cm long, respectively. The tube is connected at 
one end to a source of carbon dioxide (dry ice), and at the other end to a 
second tube packed with copper and copper oxide (both in wire form) 
which is maintained, by means of an electric furnace, at 700°C. The second 
tube is connected to an azotometer filled with 50 per cent caustic potash 
solution, in which all products of combustion except nitrogen are absorbed. 
Provision is made, by means of three 3-way taps, for purging the system 
as a whole with carbon dioxide or purging each tube independently. The coke 
is heated, after purging the system free from air, for 12 min by means of two 
gas burners. After the combustion, the system is purged with carbon 
dioxide for 5 to 7 min to displace all nitrogen into the azotometer. Indication 
of completeness of purging is obtained when small, feathery micro-bubbles 
appear. The volume of nitrogen collected is allowed to come to equilibrium 
over a period of 5 min and is corrected to n.t.p. 


Method B. Semimicro Kjeldahi—using 100 mg of coke with 2 g of mixed 
catalyst A, containing selenium, and 4 ml of sulphuric acid, sp.gr. 1-84. 
In this series duplicate determinations were made after digestion for 1, 2, 3, 
4, 5, 6, 7 (and, for one coke, 10) h. The maximum observed nitrogen per- 
centage is usually reported, though where, for an appreciably shorter period, 
an approximation (within 0-04) to the maximum was attained, the second 
value is given. 


Table 1. Determination of nitrogen in coke by 3 methods using through-240-mesh coke 
























































Coke — — | | Details of methods* 
i— % a.d.) by = My * 
[V.M.l cap ef ae ee ee B | c 
No. Name | S% (ft/min) | , 7 3 no (A) (A) 
P Pitch coke | 2-7 —. |0-74/0-66)0:76| 0-08| —0-02 5003 | 1 3 
560 Gas coke breeze 20 0-065 | 1-06 | 1-05 | 1-09 0-01 | —0-03 4 0-09 3 45 
514 Derby S. | 1-8 | 0-064 | 1-18} 1-05| 1:10] 0-1 0-08 7005 | 4 3-5 
415 Yorks. Ma.M. | 16 | 0-070 | 1-09/1-09|1-11| Nil | —0-02! 0-02/80-14 | 6 3-5 
563 Yorks. Mo. M. 1-4 | — | 1-07/ 1-12) 1-16 | —0-05 | —0-09 50-07 | 3 2:5 
557 Yorks. W.W. | 1:2 — | 1:34] 1-17) 1-21} 0-17) 0-13] 0-04)60-07 | 2 2 
561 Dur. found.N. | 0-6 | 0-075 | 1.07| 1-03) 1-00} 0-04] 0-07| —0-03/ 80-09 | 5 6 
B Dur. electrode 0-5 — |097|0-75/0-94| 0-22} 003! 0-19/3002 | 4 10 
547 S. Wales found. | 0-3 | 0-084 | 0-71 | 0-62 | 0-72| 0.09) —0-01 | 5 0-03 | 10 13 
Mean ————i‘«é*é*é*d «COT, | ODN, | 0-06, 44 | 53 
Mean for cokes of over | | 
1% V.M. | | | 34 | 3-6 








* For A: nm = number of tests averaged and o = standard deviation. 
For B: digestion period for maximum observed nitrogen (h). 
For C: digestion period for clearing (h). 


Method C. Semimicro Kjeldahl—using 50 mg of coke with 2-8 g* of catalyst 
(2:5 g of potassium sulphate and 0-3 g of mercuric sulphate) and 4 ml of sul- 
phuric acid, sp.gr. 1-84. In this series, varying periods of digestion were 
not used, the periods reported being those for approximate clearing of the 
digest. 

The results are recorded in Table 1 the cokes being arranged in order of 


volatile matter, dry basis, which gives a measure of the rank of the coke, a 
low volatile matter being associated with foundry and electrode’ cokes. 





* <r} and Bhatty used 2-5 g of mixed catalyst but, owing to a typographical error, the present authors 
used 2-8 g. 
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The Dumas-Schéniger method, dependent as it is on the use of only 
50 mg and a microburette reading which was not better than + 0-01 ml, can 
only give a value for the nitrogen percentage accurate to not better than 
+ 0-025 if other errors are avoided. Belcher and Bhatty have already 
outlined the disadvantages of the Dumas—Schéniger method. The relatively 
high standard deviation was compensated by averaging a large number of 
results. 

A comparison between the two semimicro Kjeldahl methods shows that 
omission of the selenium (method C) gives a higher value for nitrogen for 
eight out of nine cokes. It must be concluded, therefore, that the inclusion 
of selenium in the mixed catalyst leads to loss of nitrogen by decomposition 
of ammonium compounds and that the shorter time of digestion which the 
inclusion of selenium generally leads to is of no advantage. In fact, for cokes 
of over | per cent volatile matter, the difference in time is negligible. 

The mean difference between methods A and C is within the experimental 
error of either method, though differences exceeding 0-05 occur for four 
cokes; one of those differences is negative (coke 563), suggesting error in 
method A. Another coke (561) shows a high standard deviation for method 
A, implying uncertainty by this method. A third coke (557) has an unusually 
high value of nitrogen by method A. 


DIGESTION PERIOD 

The use, in the tests reported in Table J, of 2-8 g of catalyst (2-5 g of potassium 
sulphate and 0-3 g of mercuric sulphate) and 50 mg of coke followed 
the practice of Belcher and Bhatty*, coke ground to pass 240 mesh 
having also been used by these workers. It was thought to be desirable to 
determine if 100 mg of coke could be used with 2 g of catalyst, so that the 
methods recommended for coal and coke would differ only in features 
which had been proved to be desirable or necessary. 


The same series of cokes as was used for the tests of Table / was examined. 
In the first series of tests, the effect of doubling the quantity of coke used 
from 50 to 100 mg was tried, other conditions being as before, namely, 


Table 2. Effect of using 100 mg coke samples, through 240 mesh, with 2-8 g potassium 
sulphate—mercuric sulphate catalyst 





} 
| 














Coke # | Time to clear (h) | | Nitrogen, % a.d. 
A~B. | 1 C—D 
No V.M. | 100mg | 50mg 100 mg | 
: (440): |. OA OD (C) (D)* | 
560 20 | 40 | 45 | -o5 | 108 107 | 001 
514 1. 8 |) eo ee 109 112 | —003 
415 16 | 39 | 35 | O64 1:10 114 | —0-04 
563 1-4 } 28 2°5 0-3 | 1:13 1:14 | —001 
557 1-2 | 29 2:0 | 0-9 | eS .045.- } 0-01 
561 0-6 | 5-6 60 | —O-4 1:03 1-02 0-01 
547 03 | 80 | 130 | 50 | 065 0-64 0-01 
Algebraic mean +094 | —0-006 
-—do- for cokes of over 0-5% V.M. +0-27 | —0-009 





* 100 mg sample, but digested for the period previously found necessary to clear 50 mg samples. 


156 
















only 
i, can 
than 
ready 
tively 
er of 


that 
n for 
ision 
sition 
nh the 
~okes 


ental 

four 
or in 
thod 
ually 


sium 
owed 
mesh 
le to 
it the 
tures 


ined. 
used 
nely, 


issium 


or 


D1 
)3 
04 
1 
1 
1 
1 


106 
909 





YUM 


DETERMINATION OF NITROGEN (KJELDAHL) 





2-8 g of the mixed potassium sulphate—mercuric sulphate catalyst, 4 ml of 
sulphuric acid and coke of through-240-mesh size. The effects on the time 
to clearing and the observed nitrogen contents are shown in Table 2. 


As expected, the time to clear the digest was increased by using 100 mg 
instead of 50 mg with the same weight of catalyst and sulphuric acid as 
before, but for cokes of over 0-5 per cent of volatile matter the increase was, 
on average, less than 20 min, i.e. less than 10 per cent of the total time. 
The observed nitrogen contents showed no significant difference with the 
two different weights. 


In the next series of tests, the use of 100 mg of coke of through-240-mesh 
size was retained but the weight of catalyst was reduced to 2-0 g (1:74 g of 
potassium sulphate and 0-26 g of mercuric sulphate) to give a concentration 
of 18-5 per cent by weight of potassium sulphate in the digest, instead of 
24-5 per cent. The results are recorded in Table 3, together with the observed 
nitrogen contents for 50 g samples used with 2-0 g of catalyst. 


Table 3. Effect of using 2 g of potassium sulphate—mercuric sulphate catalyst with 100 mg 
sample, through 240 mesh . 


























Coke | Time to clear (h) | Nitrogen (% a.d.) 
| | 
| A—B | 50 mg 
VM. 2-0 g cat. |2°8 g cat. ; 
No. ° 2-0 g cat.|2°8 g cat.| sample 
| Yos 4.b.) (A) (B) | 2-0 g cat. 
ee a _ —_ _ 0-72 — 0:74 
560 | 20 2:75 40 —1-25 1-09 1-08 1-08 
514. | 18 2-2 44 | 22 109 | 109 | 112 
415 | 1-6 20 3-9 —19 109 | 1:10 | 1-10 
563 | 1-4 1:75 | 28 —1-05 1-15 1:13 | )~= 1-12 
557 | 1-2 1:75 | 29 —1-15 1-17 1-16 1-17 
561 | 0-6 4-1 56 —1°5 0-99 1-03 1-00 
| 0-5 10 — —_ 0-93 — 0-96 
547 | 0-3 | 1S 18-0 —0°5 0-65 065 | 0-64 
Algebraic mean —1-37 | 








Table 3 shows that the use of 2-0 g of catalyst instead of 2-8 g has no 
effect on the (observed) nitrogen content, but that it reduces the time for 
clearing the digest by | to 2 h, a surprising but welcome result. 


It can be concluded, therefore, that the semimicro method for coke 
should require the use of 100 mg of coke, ground to pass 240 mesh, digested 
with 2 g of catalyst (1-74 g of potassium sulphate and 0-26 g of mercuric 
sulphate; a ratio of approximately 7/1 by weight of the two components) 
and 4 ml of sulphuric acid, sp.gr. 1-84, until substantially clear, when the 
subsequent recovery of the ammonia is the same as with coal. For cokes 
of over 1-0 per cent of volatile matter, the time of digestion is 1 to 2 h, but 
the time may increase to 18 h for cokes of under 0-5 per cent of volatile matter. 
No loss of nitrogen is likely to be incurred, even in such a long period of 
digestion, with selenium absent from the catalyst. 


Thus a semimicro Kjeldahl method has been standardized which differs as 
little as possible from that standardized for coal, the essential difference 


157 











R. A. MOTT AND H. C. WILKINSON 





being the omission of selenium from the catalyst (to avoid its secondary 
effect of decomposition of ammonium compounds) and the use of coke 
through 240 mesh instead of through 72 mesh. For a wide variety of cokes, 
the duration of digestion (judged by ‘clearing’ of the suspension) is not 
more than two hours, though the required period may be longer for cokes 
which are less reactive than the average. It is only for very unreactive 
cokes—such as foundry cokes of very low volatile matter—that a very long 
period of digestion is required, but no harm can result from overnight 
digestion to beyond the period required for clearing, which is merely a 
convenient visual indication of adequate digestion. 


Grinding to pass 240 mesh is most conveniently carried out in the mill 
which one of the present authors has already described®. The analysis sample 
(through 72 mesh) should be mixed, preferably by mechanical means (e.g. in 
the B.C.R.A. laboratory mixer*), and a 10 g portion removed (by any con- 
venient means, since the sample is then well mixed). This 10 g should be 
ground in the mill for 45 min, when at least 95 per cent should be below 240 
mesh. Alternatively, after mixing, a 5 g portion may be crushed to pass 240 
mesh with an agate mortar and pestle. 


CONCLUSION 


The conclusion of Belcher and Bhatty, that the inclusion of selenium in the 
mixed catalyst (potassium sulphate and mercuric sulphate) causes a loss of 
nitrogen during the long digestion with sulphuric acid required in the semi- 
micro Kjeldahl method for coke, has been confirmed. It has been shown 
that the use of coke ground to pass 240 mesh reduces the time of digestion 
compared with that required when using through-72-mesh coke. The use of 
2 g of catalyst (1-74 g potassium sulphate, 0-26 g mercuric sulphate) with 
4 ml of sulphuric acid (sp.gr. 1-84) gives the most favourable concentration 
of potassium sulphate to elevate the boiling point and promote rapid decom- 
position of the coke. The use, with this mixture, of 100 mg of coke passing 
240 mesh reduces the time of the digestion period to two hours for most 
cokes, though a more prolonged period is required for unreactive cokes of 
low volatile matter. 


Mr P. M. Shortland assisted in the experimental work. The work formed 
part of the programme of the British Coke Research Association, to whom the 
authors are indebted for permission to publish. 


British Coke Research Association, 
74, Grosvenor Street, 


London, W.1. 
(Received June 1957) 
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STANDARDIZATION OF THE METHODS OF ANALYSIS OF COAL AND COKE. XXIV 





Determination of Nitrogen in Coke by the 
Dumas-Schoniger Method 


R. BELCHER and M. K. BHATTY 





The semimicro scale Dumas-Schéniger method of estimating the nitrogen in coke has been 

used to check the Kjeldahl method. A lower nitrogen content was shown by the latter method 

when mercury-—selenium was used as catalyst, but where mercury catalyst alone or perman- 

ganate oxidation was used the results were found to correspond well with the Dumas- 
Schéniger results. 





WHEN nitrogen is determined in cokes by the Kjeldahl method a prolonged 
digestion is necessary owing to the refractory nature of the coke substance. 
Although it would appear that for many cokes the nitrogen is converted to 
ammonia before all carbonaceous matter disappears’, the time of digestion 
required to reach this stage is still considerable when compared with that for 
coals?. A. E. Beet and R. BELCHER’ recommended a semimicro method 
based on earlier work of A. E. BEET* in which the coke was decomposed 
rapidly by heating in steam. This method has found some application‘, but 
it has been reported by the British Coke Research Association® that certain 
types of coke were found which did not yield all their nitrogen as ammonia 
by this treatment. Because there was some doubt as to the validity of the 
results obtained by the Kjeldahl method, it was clear that an independent 
method should be tried and this was undertaken by the present authors at 
the request of the British Coke Research Association. 






























Si_ gen, 
CME A ee DE 











Figure 1. Apparatus 
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The only independent method considered suitable was that of Dumas; 
some attempts have been made to apply this method to the determination 
of nitrogen in coals* but not so far as is known for cokes. The method has 
not been popular because in its original form it is lengthy and not suitable 
for batch determination. In recent years, however, several modifications of 
the Dumas method which are rapid have been described for the analysis of 
organic compounds on the micro scale, and it seemed possible that this same 
principle could be adapted to cope with larger amounts of material without 
requiring an undue period of reaction. 

The method chosen for examination was that of W. SCHONIGER’, which 
allows a determination of organic compounds to be made every fifteen 
minutes on the micro scale. The dimensions of the original apparatus were 
increased in certain respects to allow for the larger amounts of sample; the 
form we used is shown in Figure 1. 


Determination of nitrogen in organic compounds 
To check the efficiency of the method on the semimicro scale several organic 
compounds were analysed. The results are included in Table J. It will be 


Table 1. Determination of nitrogen in organic compounds by the Dumas- 
Schéniger method 





Per cent nitrogen 








Compound f 
| Required | Found 

Hippuric acid 7:82 | 791, 7°82, 7-77 
m- Dinitrobenzene 16°67 16°83, 16°69 
p-Nitroaniline 20-29 20:22, 20-43 
Phenacetin 7:82 7-91, 7:93 
8-Hydroxyquinoline 9-65 9:55, 9-60 
Azobenzene 15-37 15-35, 15-39 
S-Benzyl thiouronium chloride | 13-82 13-62, 13-76 
Phenyl thiourea 18-42 18-27 





seen that these are quite satisfactory and the Schéniger method should be 
suitable on the semimicro scale. A determination may be completed in 
fifteen minutes. 


Determination of nitrogen in coals 

Because there’ is less doubt about the actual nitrogen contents of coals, 
and since it could be expected that decomposition would proceed more 
readily than with cokes, a series of coals was analysed by the Dumas— 
Schéniger method to establish whether any unforeseen difficulties would 
arise with materials of such low nitrogen content. No such difficulties were 
encountered, and there was good agreement with data obtained by the 
Kjeldahl method (Table 2). There appears to be no evidence, at least with 
these particular coals, that adsorbed gaseous nitrogen is present, thus 
yielding higher nitrogen values by the Dumas method. 


Determination of nitrogen in cokes 
When the method was used for cokes the values were consistently higher 
for several cokes than those obtained’ by the Kjeldahl method. At first this 
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was attributed to occluded nitrogen, but the same results were obtained when 
the cokes were placed in a suitable container which was then evacuated by 
a high vacuum pump, the system being repeatedly flushed with air-free 
carbon dioxide—a process which was repeated during about 24 hours. 
Some samples were heated at 100°C in a slow stream of carbon dioxide but 


Table 2. Determination of nitrogen in coals 





Per cent nitrogen 








Coal | 
Kjeldahl method* | Dumas methodt 

eS 1-72 1:74 
B 1-38 1-38 
4 1-52 1-53 
D 1-60 1-63 
E 1-71 ! 1-70 
F 1-81 1:79 
G 1-96 1-94 





* Mercury-selenium catalyst. 
t Average of 2 or 3 determinations. 


the results obtained were then lower than those given by the Kjeldahl method. 
Some tarry matter had been deposited during the pretreatment so it was 
concluded that this contained some nitrogenous material. 


Only two other possible explanations of the discrepancies seemed likely: 

(a) that the cokes contained some nitrogen in a form which could not 
be converted to ammonia by the Kjeldahl digestion; 

(6) that the nitrogen values obtained by the Kjeldahl method were low 
owing to losses during the digestion. 


The second explanation seemed the more likely. The Kjeldahl data had 
been determined in the laboratories of the British Coke Research Association 
by a semimicro method similar to that of A. E. Beet and R. BELCHER’, in 
which the mixed mercury-selenium catalyst had been used. A prolonged 
digestion time had been necessary owing to the more refractory nature of 


Table 3. Determination of nitrogen in cokes by various methods 











Per cent nitrogen | | 
Coke | A-—B A-—C A-—D 
‘Method A|Method B|Method C Method D| | 
I 1-66 161 | 1-67 167 | +005 —001 | —001 
2 1-46 1-43 1-47 1-47 +0-03 —001 | —001 
3 1-12 1-07 1-09 1-07 +0-05 +003 | +005 
4 1-18 1l| PS | AMS +0-07 +003 | +003 
5 1-16 106 | 11S | 114 | +010 | +001 | +002 
6 1-08 096 | 105 | 1:06 +012 +003 +0-02 
7 1-07 1-06 | | | +0-01 — — 
8 1-49 1:46 | | +003 — — 
9 1-50 St | —001 — — 











Method A = Dumas-Schéniger 

Method B = Kjeldahl Mixed Catalyst (B.C.R.A.) 
Method C = Kjeldahl Mercury Catalyst 

Method D = Kjeldahl KMnO, Oxidation 
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cokes, but it had been established by time/yield curves that the apparent 
maximum had been reached. It was possible, however, that some loss of 
nitrogen was occurring. That this loss can occur when digestion is prolonged 
has been known for many years® and it seemed possible that the apparent 
maximum obtained was, in fact, a stage where the conversion of residual 
amounts of nitrogen was being balanced by decomposition of ammonia. 


The Kjeldahl determinations were repeated using mercury catalyst alone 
and by the permanganate oxidation method of A. E. Bret®. To accelerate 
decomposition of the cokes, which were already ground through a 72 B.S. 
sieve, further grinding was given, but unfortunately the final size cannot be 
reported as no suitable sieves were at the disposal of the authors. 


The results are shown in Table 3. It will be seen that higher results are 
obtained by the Kjeldahl method when selenium is absent, and that the data 
are in good agreement with those of the Dumas—Schéniger method. There 
is little to choose between the results obtained by Beet’s method and those 
using mercury as catalyst, but the latter method requires considerably less 
attention. 


EXPERIMENTAL 

Reagents 

(1) Potassium hydroxide solution—100 g of reagent grade potassium hydrox- 
ide pellets was dissolved in 100 ml of water. The solution was stored 
in a rubber-stoppered bottle before it was transferred to the nitrometer. 

(2) Mercury—Enough of the metal was used to fill part of the nitrometer 
reservoir. 

(3) Grease—Dow Corning High Vacuum Grease (Silicone) was employed 
to seal the combustion tube with the rest of the apparatus by means of a 
B14 ground-glass joint. 

(4) Kroenig glass cement—The cement was required for sealing the permanent 
combustion tube 7, (see Figure 1) to a three-way tap with a B19 ground- 
glass joint. 

(5) Copper oxide—Two grades of copper oxide were used in the combustion 
tubes: (a) wire form between 20-40 mesh, (6) powder form between 
40-80 mesh. 

(6) Metallic copper—This was made by reducing the wire-form copper 
oxide with hydrogen in a combustion tube. 

(7) Drikold—Solid carbon dioxide was packed in a Dewar flask to provide 
a steady stream of the gas. Pressure was regulated through a mercury 
valve. 


Apparatus 

The apparatus is essentially the same form as recommended by Schdniger 
except that a semimicro nitrometer is used and the dimensions have been 
increased. The following components are shown in Figure 1: 

(1) carbon dioxide supply; 

(2) silica combustion tube T, which contains the permanent filling; 
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(3) silica combustion tube T, in which the sample is decomposed. For 
rapidity in series determinations, at least two such tubes may be em- 
ployed; 

(4) 4 three-way and 2 two-way taps for the various interconnections; 


(5) semimicro nitrometer containing potassium hydroxide and mercury at 
the bottom. A small piece of thick iron wire was inserted in the nitro- 
meter to break foam in the stem by applying a magnet from the outside; 


(6) an electrically heated stationary furnace, carrying T, (see above) at 
700°C; 

(7) two Teclu burners, one fitted with a fish-tail spreader; 

(8) a 50°C thermometer, reading up to 0-1 of a degree. 


Assembling the apparatus 

The carbon dioxide supply was connected to the apparatus through taps 
H, and H,. Combustion tube 7, was filled, starting from the capillary end, 
with 4 mm thick acid-washed asbestos plug, 120mm long layer of wire-form 
copper oxide, 3 mm thick asbestos plug, 40 mm long layer of metallic 
copper in wire form, another 3 mm thick asbestos plug, a second 80 mm long 
layer of wire-form copper oxide and finally another 4 mm thick asbestos 
plug. Each filling was done with a gentle tapping of the tube to remove 
air pockets in the packing. The ground-glass end, S,, was sealed with Kroenig 
glass cement to the B19 socket of the three-way tap, H;. The tube was placed 
in the furnace, as shown in the diagram, and the capillary end was connected 
to tap H,. This filling was permanent and it lasted throughout the life of the 
tube. 


Combustion tube T, had two fillings. The one, which was changed after 
three or four determinations, consisted of an asbestos plug 4 mm thick and 
an 80 mm long layer of wire-form copper oxide which was further secured 
with another 4 mm thick asbestos plug. The other filling, to be changed 
after each decomposition, consisted of a mixture of copper oxide powder 
and the sample, the washings, a 20 mm long layer of wire-form copper 
oxide and a 4 mm thick asbestos plug. The tube was covered with two metal 
rings, placed on an iron stand and then joined to tap H, through the B14 
joint. The capillary end was joined to tap H, by means of a section of im- 
pregnated rubber tubing. All joints were made glass to glass with aged 
rubber tubing. 


Procedure 

The electric furnace was switched on. Three-way taps H,, H, and H; were 
adjusted in such a way that carbon dioxide passed through the combustion 
tube T, and escaped at H;. A flask almost full of water was placed under 
the outlet at H, to indicate the flow of gas. A20 mm long layer of powder 
copper oxide was added over a packing of 80 mm long layer of wire-form 
copper oxide in the combustion tube T,. 50 mg of the sample were weighed 
in a mixing tube and combined with enough powder copper oxide to fill a 
40 mm length of T,. The admixture was introduced into the tube by means 
of a small funnel. In order to avoid conglomeration of the sample, the 
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mixture was added whilst the tube 7, was held in an inclined position. 
Quantitative removal of the sample was ensured by four successive ‘washings’ 
of the mixing’ tube and the funnel with minimum amounts (10mm long 
layers) of copper oxide. Finally another 20 mm long layer of wire-form 
copper oxide was added and the whole packing was secured with an asbestos 
plug. Gentle tapping during filling removed air pockets. 


Two metal rings were mounted on the tube from the back end. The ground- 
glass end of the tube was greased with silicone grease and connected with the 
B14 socket of the three-way tap H,. This connection was further made safe 
by two steel springs at S,. The capillary end of the tube was joined to the 
three-way tap H;. The tube 7, was cut out and the taps H,, H, and Hy, 
were so arranged that carbon dioxide swept through the tube T, and escaped 
at H, in water again. The air in the tube is removed in four minutes. The 
apparatus was then connected to the azotometer through the three-way 
taps H;, and H,. After having ascertained from the appearance of micro- 
bubbles in the nitrometer that no more air had been left in the apparatus, 
the carbon dioxide supply was cut out at the tap H,. The two-way tap H 
connecting the nitrometer was closed for a short time. Meanwhile, the 
reservoir containing caustic potash was raised to fill the nitrometer com- 
pletely. The tap at the top of the nitrometer was closed leaving some alkali 
solution behind in the nitrometer cup. The reservoir was then lowered down 
to the table top and the nitrometer was again connected to the main apparatus 
through H. 


The bunsen burners B, and B, with roaring flames were placed under the 
wire-form copper oxide layer near the capillary end of T,. Once the tube 
became red-hot, burner B, was moved forward to reach the wire-form 
copper oxide layer near S$, in twelve minutes. The combustion tube may 
be rotated from time to time to procure even heating. Alternatively, a metal 
reflector mounted on the tube would guarantee a thorough heating. After 
completing the combustion, carbon dioxide was once more let into the appa- 
ratus to sweep out nitrogen in about five minutes; the total removal was 
indicated by formation of the micro-bubbles. Tap H was closed and the 
taps H,, H, and H, were arranged again so that carbon dioxide was sweeping 
through combustion tube 7, for the next determination. Tube T, was 
replaced by another similar tube containing the new sample for analysis. 
The volume of nitrogen, at equal levels of alkali in the reservoir as well as 
the nitrometer, was allowed to come to equilibrium with atmospheric 
conditions for five minutes. The final volume was read at normal tempera- 
ture and pressure and after applying the necessary correction the percentage 
of nitrogen was calculated. 


CONCLUSIONS 
(1) Mercury-selenium catalyst should not be used for the determination of 
nitrogen in cokes because, in those cases where a prolonged digestion 
period is necessary, significant losses of ammonia can occur. 
(2) Beet’s permanganate oxidation method or digestion with mercury 
catalyst alone is free from this source of error. The method is the more 
convenient and its further examination as regards the most favourable 
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ion. acid—catalyst-potassium sulphate ratio would probably enable the 
ngs’ digestion times to be reduced considerably. Since selenium is absent, 
ong distillation could be avoided’?. 
orm (3) The Dumas-Schéniger method with slight modification may be used 
stos _as an independent method to check the results obtained by the Kjeldahl 
method. The method is rapid (sixteen determinations per day of eight 
nd- hours) and it would seem that it could be used in place of the Kjeldahl 
the method; a single result is obtained more rapidly than by the Kjeldahl 
safe method. In series determinations a larger number of determinations 
the may be made in a given time than by the Kjeldahl method. However, 
H, the Dumas-Schéniger method requires constant attention throughout 
ped the whole course of the analysis whereas the Kjeldahl method does not. 
The The main disadvantage is that the expensive silica tubes need replacing 
way after every 30 to 40 determinations. 
teil (4) The Dumas—Schéniger method may be used to determine nitrogen in 
tus, P o. ae ° . : 
H coals, but since the semimicro Kjeldahl method for coals is rapid, no 
so particular advantage would be gained. 
»m- (5) The Dumas-—Schéniger method appears to provide a rapid means of 
kali determining nitrogen in organic compounds on the semimicro scale. 
wn Since its application to such compounds in the present investigation was 
itus not the main object, only a fairly narrow range of organic compounds 
was examined. This work might be usefully extended. 
the ; 
nies Department of Chemistry, 
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The Mineral Matter in Coal II—The 
Composition of the Carbonate Minerals 


W. J. S. PRINGLE and E. BRADBURN 





The premises on which the factors in the well known King, Maries and Crossley formulae 
for calculating the mineral matter in coal are based are being reassessed by the Coal Survey 
Branch of the Scientific Department of the National Coal Board. This paper deals with the 
factors compensating for the thermal decomposition of the carbonate minerals. The composi- 
tions of the carbonate minerals contained in 78 coal samples selected from the major coal- 
fields of Great Britain have been determined. The validity of the factor 0-8 CO, in the KMC 
general formula has been confirmed but it is concluded that the regional factor of 0-7 CO, 
suggested by King, Maries and Crossley for South Wales coals is unsoundly based. It is 
recommended that 0-8 CO, be used as a national factor. The paper concludes with a review 
of the composition of ankerite in British coals. 





THE King, Maries and Crossley (K MC) formulae! for estimating the mineral 
matter content of coal are generally accepted as the most accurate means of 
making such estimates. The premises on which certain of the factors in 
those formulae are based are, however, of uncertain validity, and the Coal 
Survey Branch of the Scientific Department of the National Coal Board 
has therefore considered it desirable to subject them to critical re-examination. 
The first factor to be so scrutinized was that for correcting the determined 
ash value for the evolution on heating of the water of constitution of the 
hydrated silicates present in the mineral matter, and the results of that 
investigation have recently been published by J. O’N. MiLLotT*. The present 
paper deals with the factors compensating for the thermal decomposition of 
the carbonate minerals in the mineral matter. 


King, Maries and Crossley recognized that the carbonates in coal are 
normally those of calcium, iron, magnesium and manganese and that 
although loosely referred to as ‘ankerite’ they include mineral deposits of 
very varying composition. The factor of 0-8 CO, in their general formula 
was derived frém calculations on the thermal breakdown of ‘ankerites’ of 
the composition: CaCO, 59, MgCO, 18, FeCO,; 20 and MnCO,; 3 per cent, 
which they found to be the average for the British analyses then available. 
They observed that many so-called ‘ankerites’ diverged considerably from 
the average composition, the chief variation being in the direction of increase 
of calcium carbonate, but they considered that the coals of South Wales were 
exceptional in that the chief source of carbon dioxide was ‘brass-stone’, for 
which they quote an average analysis of FeCO, 74-6, CaCO, 10-2 and 
MgCoO, 15-2 per cent. For material of this composition the appropriate 
correction factor is 0-7 CO, and they suggested the use of that factor for 
South Wales coals. 


No information was given in the KMC paper about the number or source 
of their analyses, but as many of the earlier published data were derived 
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from a study of coarse-grained carbonate partings and vein ankerite it is 
probable that at least some of the analyses considered relate to material of 
that form; similarly, the ‘brass-stone’ analysis relates to hand-picked 
lenticular material. It is thus not at all certain that the analyses are truly 
representative of the composition or degree of variability of the ‘ankerite’ 
present in the type of laboratory coal samples to which the KMC formulae 
are generally applied and in which most of the mineral matter is finely dis- 
seminated. It has therefore been thought worthwhile to endeavour to 
extract and examine the carbonate minerals from a carefully selected set of 
laboratory coal samples and so to re-evaluate the correction factors. 


Nearly 80 samples collected from all the major coalfields in Britain have 
been examined and the investigation has naturally thrown up new data on 
carbonates present in British coals. The scope of the paper has accordingly 
been widened to include a general review of coal seam ‘ankerites’. 


SELECTION AND ANALYSIS OF SAMPLES 

The carbonates of the coal samples were brought into solution by acid 
extraction and the calcium, magnesium, iron and manganese in the extract 
were determined after removal of the coal by filtration. Preliminary extrac- 
tion of interfering water-soluble salts, such as ferrous sulphate (from oxida- 
tion of pyrites), calcium sulphate and calcium chloride, would have been 
helpful, but attempts to achieve this with both water and buffered solutions 
were discontinued when it became evident that partial decomposition or 
solution of the carbonates was taking place at the same time. This step was 
therefore omitted, the acid extraction and analysis being carried out without 
preliminary treatment, and the results were then corrected for the presence 
of the interfering ferrous sulphate and for any acid-soluble chlorapatite, 
Ca;Cl(PO,);, that the samples might contain. The corrections were calcu- 
lated on the assumptions that: (a) the phosphorus content of the samples 
was a reliable index of the apatite present and thus of the calcium derived 
from that mineral, (5) the sulphate content was predominantly ferrous sul- 
phate, and (c) calcium chloride was absent or practically so. It was obviously 
desirable to keep these corrections as small as possible, and the samples 
used were accordingly selected so as to ensure that both the phosphorus and 
sulphate contents were low relative to the carbonate content. The Coal 
Survey Laboratories obtained 78 suitable samples for analysis, broadly 
covering all the major coalfields and the British rank range; details of them 
are given in Table 1. 


Carbon dioxide and sulphate were determined by the published methods 
of the Fuel Research Board’, and phosphorus by the method of F. ELLINGTON 
and W. M. Apams*‘. For the determination of the metals calcium, magnesium, 
iron and manganese, 3 g of each sample were boiled with 100 ml of 20 per 
cent v/v hydrochloric acid for half an hour under reflux and the suspension 
then filtered through Whatman No. 541 paper; the filtrate was made up to 
200 ml and examined as follows. 


Iron—A 1 to 3 ml aliquot part was treated with hydroxylamine hydro- 
chloride solution to ensure that all the iron was in the ferrous condition, and 
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nm determined and calculated carbon dioxide values exceed 0-1 per cent. 
ates — 1-13 x total oxides from carbonates)/CO,(detd). 


(Composition of oxides taken as Fe,O.s, Mn,O,., CaO and MgO.) 


Mineral matter factor — (Total carbon 


* Excluding the results where the difference betwee: 
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determined photometrically with 1,10-phenanthroline according to the 
method of W. J. S. PRINGLE’. 


Manganese—A 20 ml aliquot part was evaporated to dryness twice with 
concentrated nitric acid to remove the hydrochloric acid. The residue was 
taken up in 5 per cent v/v sulphuric acid and the permanganate colour 
developed with ammonium persulphate according to Pringle’s method (see 
C. R. Jones and T. MorAN’). 


Calcium—25 to 100 ml aliquot parts were taken (according to the car- 
bonate content of the coal) and iron, aluminium, etc. removed by double 
ammonia precipitation in centrifuge tubes. The supernatant liquids were 
combined and evaporated to dryness. The residue was heated with a few 
drops of perchloric acid to destroy traces of organic matter, then dissolved 
in dilute hydrochloric acid and made up to 10 ml. A 1 ml aliquot part of this 
solution was adjusted to pH 4-5, and the calcium precipitated (overnight) 
in a centrifuge tube with ammonium oxalate in a final volume of 10 ml. 
The precipitate was separated and washed on the centrifuge, the supernatant 
liquids being reserved for the magnesium determination. The calcium 
oxalate was determined photometrically by the method of J. A. DE LOUREIRO 
and J. JANZ’. 


Magnesium—The supernatant liquid from the calcium precipitation was 
taken to dryness with concentrated nitric acid to remove oxalates and taken 
up in dilute hydrochloric acid. After the addition of ammonium phosphate 
and excess ammonia the solution (in a centrifuge tube) was set aside over- 
night. The magnesium ammonium phosphate precipitate was separated and 
washed on the centrifuge and the phosphorus in the precipitate determined 
by the method of Ellington and Adams‘. 


RESULTS 

These results are set out in Table J]. The metals, after deducting the calcium 
contributed by the apatite (taken as 2-156 x the phosphorus content) and 
the iron equivalent to the iron sulphate (assumed ferrous), were calculated 
to the carbonates CaCO;, MgCO,, FeCO, and MnCO,. The individual 
carbonates were then expressed as a percentage of the total carbonates. In 
column 6 the theoretical yield of carbon dioxide from these carbonates is 
given for comparison with the determined carbon dioxide (column 5). The 
ratio of total carbonates to carbon dioxide (determined) is given in column 
11 and that of total oxides to carbon dioxide (determined) in column 12. 
From these data the mineral matter factor (column 13) is calculated according 
to the formula 


Total carbonates — 1-13 x total oxides from carbonates 


M.m. factor = CO, (determined) 





The factor 1-13 in this formula replaces the factor of 1-09 used by King, 
Maries and Crossley, for reasons explained by Millott?. 


Two features of the table require comment. First, if the determined carbon 
dioxide values are compared with those obtained by calculation from the 
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carbonates determined by analysis (columns 5 and 6), it will be seen that in 
17 cases they differ by more than 0-1 per cent. This throws doubt on the Tal 
accuracy of the analytical determinations in these cases. However, if these anc 
samples are excluded and the calculation of the mineral matter coefficient of 
limited to the remaining 61 samples, it is found that there is no difference wh 
between the value obtained and that derived from the whole 78 samples. ' 
Secondly, in column 11 there are set out the ratios obtained when the total ent 
carbonates are divided by the determined carbon dioxide content. Theoretic- reg 
ally this ratio should not be lower than 1-91 (the ratio for pure MgCO,) for 
and not higher than 2-64 (the ratio for pure FeCO,). In four cases the results of 
fall outside these limits. In addition, in a number of cases where the ratio suf 
approaches the upper limit of 2-64 the level of iron in the mineral is not as im 
high as would be expected. In spite of these inconsistencies, it was decided fac 
not to exclude these results as it was felt that a strict stoichiometric relation- 
ship might not prevail in the case of those carbonate minerals which have 
been subjected to such varied influences as loss of carbon dioxide by means In 
of percolating acidic waters, or the substitution of elements of lower molecular ‘on 
weight by ion exchange. so- 
These results differ significantly from those quoted by King, Maries and Col 
Crossley in several ways. First, the overall average composition is: CaCO, an 
54:3, MgCO, 17-1 and Fe(Mn)CO, 28-5, which differs from the KMC De 
average in that it contains 5 per cent less calcium carbonate and corres- mi 
pondingly more iron carbonate. Secondly, although there is great variation am 
in composition round the average, there is no indication of any marked ten 
grouping of samples with higher percentages of calcium carbonate. Thirdly, Th 
the average value for manganese carbonate is less than 1-5 per cent, whereas. cal 
King, Maries and Crossley quoted a value of 3 per cent. by 
Furthermore, the South Wales samples differ widely from the ‘brass-stone’ 
values originally used by King, Maries and Crossley to establish the Dt 
regional factor of 0-7. Although they are more ferriferous in nature than fro 
those of other regions, they seldom approach chalybite in composition, and rar 
calcitic ankerites seem to be as common as chalybitic ankerites. do 
an 
Table 2 an 
suf 
| Ac 
Coalfields Mean factor | No. of samples 
Scotland 0-78 + 0-05 9 h 
Northumberland, Cumberland and Durham | 086+ 0-05 10 the 
Yorkshire | 081 +0-05 8 the 
Lancashire and North Wales 0-82 + 0-05 10 ma 
Nottinghamshire, Derbyshire and 
Leicestershire | 0-78 + 0-04 12 bre 
Warwickshire, Worcestershire, the 
Staffordshire and Shropshire | 0-79 + 0-04 14 an 
South Wales and Somerset 
(including Bristol) | 0744004 12 Th 
Kent | 0-87 + 0-08 3 suc 
Overall average 0-80 + 0-02 78 iro 
cal 
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THE CARBONATE MINERAL CORRECTION FACTOR 


Table 1 shows the wide variation in the composition of the carbonate minerals 
and the corresponding variation in the correction factor. The mean values 
of the factors for the different coalfields, together with the limits within 
which the ‘true’ value can be presumed to lie, are given in Table 2. 


The differences between the mean values are too large to be attributed 
entirely to experimental error. There is thus a suggestion that significant 
regional differences may exist, but the spread attached to the factor calculated 
for a single region is considerable and on the evidence of existing data the use 
of separate regional factors is not justified. The effort required to obtain 
sufficient data to remove this uncertainty is out of all proportion to the 
importance of the problem, and it is now proposed that the overall average 
factor of 0-80 should be used as a national factor. 


CARBONATE MINERALS IN BRITISH COALS 

In 1876 the carbonate mineral 2CaCO,;, MgCO,, FeCO, was given the name 
‘ankerite’ by J. Boricky*. T. CrooKk® later noted the frequent occurrence of 
so-called ‘ankerite’ in British coalfields and regarded it as normal ankerite 
containing a varying excess of CaCO, (possibly as intergrown calcite crystals) 
and having a small proportion of the iron replaced by manganese. C. 
DOELTER’® 1 considered that ankerites are isomorphous mixtures of dolo- 
mite (MgCO,,CaCO,) and ferrodolomite (FeCO;,CaCO;) with small 
amounts of mangano-dolomite (MnCO,,CaCO,) and, like Crook, he con- 
tended that they might hold up to 20 per cent calcium carbonate in excess. 
The presence in British Coal Measure ‘ankerite’ of a similar large excess of 
calcium carbonate over that required by the Boricky formula was confirmed 
by the analysis of ‘average ankerite’ quoted by King, Maries and Crossley. 


Since then L. HAwKes and J. A. SMyTHE"™ and J. A. SMyTHE and K. C. 
DUNHAM" have published detailed analyses of nine carbonate minerals 
from the N.E. coalfield. They concluded that evidence had been found of a 
range of solid solutions from dolomite up to 65 to 75 per cent ferromangan- 
dolomite, and that calcium carbonate in excess of that required for dolomite 
and ferromangandolomite was always present. Singe the most ferriferous 
ankerite of the series occurred in intimate association with chalybite, it was 
suggested that the ankerite series ended at 65 to 75 per cent ferrodolomite. 
According to A. Bray" crypto-crystalline silica is also frequently present. 


The most recent classification is that of J. B. NELSON’® who considered 
that the term ‘ankerite’ was only useful in providing a rough indication of 
the composition of any phase inside a triangle whose points were calcite, 
magnesite and chalybite. In order to construct such a ternary diagram he 
bracketed the manganese carbonate with the iron carbonate on the grounds 
that the manganese carbonate content was generally low (0-5 to 2-8 per cent) 
and that the iron and manganese ions are nearly equal in size and mass. 
Thus, minerals whose composition is such that they lie in the central area of 
such a diagram are described as ankerites, whereas one with say 20 per cent 
iron carbonate and little or no magnesium would be termed a chalybitic 
calcite and one with 75 per cent iron carbonate and approximately equal 
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quantities of calcium and magnesium would be termed an ankeritic chalybite. 
In Figure 1, Nelson’s nomenclature has been developed to cover the varia- 
tions in the carbonate minerals found in the present investigation. 


In Figure 2 the results of the present work are plotted on such ternary 
diagrams. The first eight diagrams show the individual results from the 
different regions. Diagrams 9 and 10 are from the previously published 
work of F. S. Sminnatt, A. GRouNDs and F. BAyLey’® and J. A. SMYTHE and 
K. C. DuNHAM!*, Diagram 11 shows the mean values of the results set out 


Calcite 








\ 
Magnesite 90 10 Chalybite 
—=—- MgCO3 
A = 2CaCOsMgC0;"FeC0, D= CaCO 3+MgCO, 
(Boricky ankerite) 
CA = CaCOyMgC0,°2FeC03 F = CaCOyFeC0; 


Figure 1. Classification of carbonate minerals 


® 
in the previous ten diagrams together with points corresponding to the original 
Boricky ankerite and to the ‘ankerite’ and ‘brass-stone’ of King, Maries and 
Crossley. 


Using the descriptions suggested in Figure 1, the Coal Survey samples 
are classified as follows. 


(1) Scotland—Apart from two calcites and one chalybite, the remaining 
six samples can be classed as true ankerites with the possible exception of 
one which might be more accurately described as a dolomitic ankerite. 


(2) Northumberland, Cumberland and Durham—There are three calcites 
(one a dolomitic calcite) but no chalybite. The other seven samples lie within 
a narrow band of calcium content between 48 and 55 per cent calcium 
carbonate. In this case it appears that the ankerites are mixed dolomites, 
the magnesium carbonate content falling from 37 to 21 per cent while the 
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Fe(Mn)CO, content rises from 9 to 30 per cent. As was to be expected, 
these values have a close resemblance to those of Smythe and Dunham 
from the N.E. coalfield (diagram 10) though the wider selection of samples 
in this investigation brings out the possible range of gradation from an 
almost pure dolomite (on the left of the central band of points) to the classical 
ankerite of Boricky (CaCO, 50, MgCO, 21 and FeCO, 29 per cent) on the 
right. In addition, the occurrence of calcites is demonstrated. 


(3) Yorkshire—There is one calcite and two calcitic chalybites, while the 
remaining five samples have a magnesium content falling within the narrow 
range of 20 to 25 per cent magnesium carbonate. Three of these are true 
ankerites while the other two are chalybitic ankerites. 


(4) Lancashire and North Wales—There are three closely grouped dolo- 
mitic ankerites, two calcitic ankerites and two chalybitic ankerites. One 
sample is unusual in having 32 per cent magnesium carbonate and 31 per 
cent iron carbonate (almost equal quantities of calcium, magnesium and iron). 


(5) Nottinghamshire, Derbyshire and Leicestershire—Apart from one calcite 
and one chalybitic ankerite, these are mainly ankerites or calcitic ankerites. 


(6) Warwickshire, Worcestershire, Staffordshire and Shropshire—These 
samples fall into two well defined groups with constant magnesium content 
and progressively increasing iron contents. One group, with less than 4 per 
cent magnesium carbonate, consists of four calcites, a chalybitic calcite and’ 
a calcitic chalybite. The second, with 11 to 18 per cent magnesium carbonate, 
consists of four somewhat ferriferous ankerites and four chalybitic ankerites. 


(7) South Wales and Somerset (including Bristol)—Apart from one calcite 
and one chalybite, six of the remaining ten samples are chalybitic ankerites. 
The other four are ankerites or calcitic ankerites. 


(8) Kent—These three samples are calcites. 


It can be seen from the diagrams that in all areas there are samples which 
should not be classed as ankerites. Thus, if an estimate of the average com- 
position of the true ankerites is required, these samples should be excluded. 
For this purpose the following three types of samples, (7) with more than 78 
per cent CaCO, (calcite), (2) with less than 4 per cent MgCO, (chalybitic 
calcite and calcitic chalybite) and (3) with more than 66 per cent FeCO, 
(chalybite), were disregarded when calculating the average composition. 
The average values for the remaining 56 samples are: CaCO, 48-6, MgCO, 
21-6 and Fe(Mn)CO, 29-9 per cent, which come very close to the composi- 
tion of the original Boricky ankerite (2CaCO,, MgCO;, FeCO;) with CaCO, 
50-0, MgCO, 21-0 and FeCO, 29-0 per cent. 


MODE OF FORMATION OF CARBONATE MINERALS 
It is evident that two classes of ankeritic carbonate minerals occur in the 
different coalfields (excluding those samples which are obviously calcite or 
chalybite). The first contains more dolomite than ferrodolomite and tends 
towards constancy in calcium content, and the second contains more ferro- 
dolomite (or calcitic chalybite) than dolomite and tends towards constancy 
in magnesium content. 


175 











2 
senna SS > 
eauiysdosys pue 2414S 419}S22107 
PUYSPIOJJEPS ‘B1NYS19jS9II0M ‘B4IYSHIMIEM 9 pue ausiysiqiag ‘asiysweybui on S2/2M YON pue ausiyseouey “4 
©098W ——= £996W ——= £996W ——e= 
Ol OZ O€ OF 0S 09 04 08 06 Ol OZ O€ OF OS 09 OZ 08 06 Ol OZ O€ 07 0S 09 04 08 06 
. 2 tee tant eh x ae 











ne ee Se 






\O 
™ 
S41YS} JOA“E weying pue pueyaquun) ‘puejequinyoN °Z Puer}}09¢ | 
£995W ——- £99 6W ——_ £996W —» 
O1 02 O€ OF 0S 09 04 08 06 Ol OZ 0€ 07 OS 09 Oz 08 06 Ol 02 O€ OF 0S 09 04 08 06 











W. J. S. PRINGLE AND E. BRADBURN 











THE MINERAL MATTER IN COAL II 


audjs-ssesq IWY 
aywayue JW) 
ayuayue Apuog 
ciNVHNNG ONY SHLAWS 


g /2 18 LIVNNIS 
sease g jo aGeuane 1/2180 


gi 7238 LIVNNIS § 


sjosauyu ajouogavd fo uo1jisodwos 3uimoys suvasvip Aavusay “Zz a4n31J 





ciNVHNNG ONY 3HLANS OL 


foO8W —e 




















177 








YIM 





W. J. S. PRINGLE AND E. BRADBURN 





According to C. PALACHE, H. BERMAN and C. FRONDEL"’ the members of 
the calcite group of minerals enter into a wide range of substitutional solid 
solutions, complete binary series existing between CaCO,;,-MnCO,, FeCO;- 
MgCO, and FeCO,-MnCO,. Extensive series with small central gaps 
apparently extend between MgCO,-MnCO, and CaCO,-FeCO;, (pp 141-2), 
while there is a less extensive series between CaCO,-MgCO;. They also 
state (p 156) that calcite, by virtue of its relatively high chemical reactivity 
and ready solubility in carbonated waters, is very commonly found replaced 
by, or altered to, other species. 


On the subject of the dolomite group Palache et al. state (p 207) that its 
members have a structure similar to that of calcite, but whereas in calcite all 
the cations are structurally equivalent with a sequence. .. Ca—Ca—Ca..., 
in dolomite, however, alternate Ca positions are occupied by Mg. The 
dolomite structure is essentially an ordered sorting appearing in the calcite— 
magnesite random-substitution series when Ca:Mg = 1:1. The formation 
of the structure and the limited extent of the calcite-magnesite series itself 
are primarily a consequence of the relatively large dissimilarity in size of the 
Ca and Mg ions. They further state that ankerite is stable only when con- 
siderable magnesium is present in substitution in the iron positions. 


Thus the most likely explanation of the divergence shown in the composi- 
tion of the carbonate minerals from different parts of the country is that there 
were two modes of formation. If it is assumed that calcite was originally 
laid down it could have been altered subsequently in the following two ways. 


(1) The original calcite was altered by infiltrating solutions of magnesium 
and iron which replace the calcium. Whether dolomite, ferrodolomite, or 
intermediate mixtures are formed will depend on the ratio of Mg : Fe in the 
infiltrating solution. ‘Normal’ ankerite is thus merely a mixture of the two 
dolomites in equal proportions. 


CaCO;, MgCO,; + CaCO;, FeCO; — 2CaCO;, MgCO,, FeCO; 


The frequency with which average values approximating to the normal 
ankerite composition are found then appears to be merely a statistical 
phenomenon. If two components are present in randomly varying pro- 
portions, then the greater the number of samples taken the greater is the 
chance that a 50/50 average will result. 


This mechanism explains the results in diagrams 1, 2 and 5 but not those 
in 3, 4, 6 and 7 of Figure 2. 


(2) When dolomite is formed from calcite the magnesium replaces the 
calcium until there are equal molecular proportions of CaCO, and MgCO,. 
If we accept this limitation as being generally true for the replacement of 
calcium by magnesium, it does not appear to be true that any such limitation 
holds good for the replacement of calcium by iron. The results shown in 
diagrams 3, 4, 6 and 7 demonstrate this. These results show that iron can 
replace calcium in continuously variable proportions between calcite and 
chalybite. However, when some magnesium is present it appears that iron 
does not replace that part of the calcium that is already in association with 
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magnesium in the form of dolomite. Thus the magnesium content will 
remain constant while the ferrodolomite, CaCO,;, FeCO;, will have more 
and more of its calcium removed until 2FeCO, results. The tendency will be 
towards an end-product of the composition CaCO;, MgCO,, 2FeCO; (CaCO 
24, MgCO, 20 and FeCO, 56 per cent) when the maximum amount of dolo- 
mite (i.e. that corresponding to a normal ankerite) has already been formed. 
If less magnesium is present then the iron content may continue to increase 
at the expense of the calcium until the composition merges into that of 
chalybite. 


To summarize, it appears that the composition of the carbonate minerals 
depends on the composition of the infiltrating solution in the following 
manner. 


(J) When magnesium only is present, dolomite, CaCO,, MgCO,, is formed 
from the original calcite. 


(2) When both magnesium and iron are present and they are in equal 
proportions, the tendency is to form a normal ankerite, 2CaCO,, MgCOs, 
FeCO3. 


(3) When the amount of magnesium is greater than the amount of iron, 
then ankerites with compositions intermediate between dolomite and normal 
ankerite will be formed having an almost constant calcium content. They 
will lie at, or near to, the line D-F (Figure /) joining dolomite CaCO, 54, 
MgCO, 46 per cent) to ferrodolomite (CaCO, 46, FeCO, 54 per cent). 


(4) When the solution contains a substantial amount of magnesium but a 
greater quantity of iron (i.e. to the right of point A on the line D-F), carbonate 
minerals will be formed with an almost constant magnesium content but 
with increasing iron contents. These will tend towards the composition 
CaCO;, MgCO,, 2FeCO; . 


(5) When iron is the main component and only small amounts of magnes- 
ium are present the calcite imperceptibly merges into a chalybite. 


In categories (2) and (3) the minerals may contain varying proportions of 
unchanged calcite and these may be termed calcitic ankerites. The minerals 
in category (4) are best described as chalybitic ankerites. 


Thus the term ‘ankerite’ when used in relation to the carbonate minerals 
present in British coalfields cannot be said to have a precise meaning. It 
is only a conveniently descriptive label for a series of minerals where com- 
positions vary widely between calcite and dolomite and between calcite and 
chalybite. 


The work was carried out as part of the programme of: the Coal Survey 
Branch of the Scientific Department of the National Coal Board and is pub- 
lished by permission of the Board. During the early part of the work much 
assistance was given by Mr I. Berkovitch ( formerly of the Scientific Department, 
N.C.B.) and Mr K. Hand ( formerly of the Chester Coal Survey Laboratory). 
We wish to thank them, Dr J. O’N. Millott (Chief Coal Survey Officer, Chester) 
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and the staff of all the Coal Survey Laboratories who have cooperated in this 
work. We are also grateful to Mr Whitton for the statistical treatment of the 
results. 


National Coal Board, 
Scientific Department, 
London, S.E.11 
(Received August 1957) 
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Comparison of the Thermal Decomposition 
of the Copper Salts with the Copper- 
Quinoline Decarboxylation 
Method" 


R. S. MONTGOMERY and E. D. HOLLy 





The copper-quinoline decarboxylation method has produced appreciably different results 
from those of the thermal decomposition of copper salts of the acids obtained by the con- 
trolled oxidation of bituminous coal. Therefore, a study was made of these two decarboxyla- 
tion methods in order to determine their reliability. Quite complete decarboxylation was 
obtained with the copper—quinoline method while the other method produced only partial 
decarboxylation. Methylnaphthalene present in small amounts in the quinoline used in the 
decarboxylation, however, resulted in the determination of this nucleus among the products 
where it should not have existed. The thermal decomposition, on the other hand, produced 
the lactone of 2-hydroxy-2'-biphenylcarboxylic acid and probably other oxygenated nuclei. 
The characteristics of the methods must be taken into account in interpreting the results of 
the decarboxylation of the coal acids. 





THE structures of the acids obtained by the controlled oxidation of bituminous 
coal have been investigated by decarboxylation followed by separation and 
identification of the nuclei. The results of decarboxylation by the copper-— 
quinoline method’ * and by thermal decomposition of the copper salts* ¢ 
were appreciably different. Much larger yields of oxygenated nuclei and 
less complete decarboxylation of the acids resulted when the thermal decom- 
position of the copper salts was used. In the present study a model mixture 
that approximated the coal acids as closely as possible was decarboxylated 
by both of the methods and the products and their amounts were compared. 


EXPERIMENTAL 

A mixture of aromatic acids was made that would resemble the mixture 
obtained by the controlled oxidation of bituminous coal. The approximate 
proportions of acids possessing the benzene, naphthalene, and biphenyl 
nuclei were the same although the functionalities of the naphthalene and 
biphenylcarboxylic acids were lower than the acids of the same nuclei in the 
coal acid mixture. Furoic acid and an aliphatic acid containing a pyrene 
nucleus were included in the model mixture although there is no evidence 
that these nuclei are actually present in the coal acid mixture. This was done 
because it has been suggested that these types of nuclei were present but not 
detected owing to the experimental techniques used. The composition of 
the model mixture is given in Table 1. 








* Presented before the Division of Gas and Fuel Chemistry, American Chemical Society, New York City 
Meeting, 8-13 September, 1957. 
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Decarboxylation using the copper—quinoline method 

A 40-0 g portion of the model mixture was mixed with 12-0 g of anhydrous 
copper sulphate and 120-0 g of freshly distilled quinoline and allowed to 
stand overnight. The flask that contained the mixture was fitted with a 
reflux condenser and the condenser vented through a cold trap. It was 
maintained at 160°C overnight and then heated under slow reflux for nine 








Table I 
Nucleus Acid Proportion, % 

Benzene | Benzoic acid 0-94 
| 0-Toluic acid 0-54 

| m-Toluic acid 0-47 

| p-isoPropylbenzoic acid 0-47 

o-Phthalic acid 12-19 

m-Phthalic acid 3-96 

p-Phthalic acid 2-89 

Trimellitic acid 20-07 

Trimesic acid 9-79 

Pyromellitic acid 8-87 

Naphthalene 1-Naphthoic acid 9-59 
| 2-Naphthoic acid 9-48 

Biphenyl Diphenic acid 18-85 
Propylpyrene | «-(\-Pyrene)butyric acid | 0-94 


Furan | Furoic acid | 0-94 





days. The reflux temperature had gone down to 205°C after three days but 
after four days had risen again to 218° where it remained for the duration 
of the decarboxylation. This was doubtless caused by the formation of 
benzene and other low boiling nuclei and the subsequent loss of some of 
these products. After the reaction mixture had been cooled to room tem- 
perature, carbon tetrachloride was added and the resulting solution washed 
with 325 ml of 20 per cent hydrochloric acid. The insoluble tar was filtered 
out of the mixture and the layers separated. The aqueous layer was washed 
with carbon tetrachloride and discarded. A total of about 575 ml of carbon 
tetrachloride was used. 


The carbon tetrachloride layer was extracted with 100 ml of 5 per cent 
sodium hydroxide solution and the basic extract, in turn, acidified and 








Table 2 
Component | Weight, g 

Mass 170 (phenylphenol)* 0-002 
Mass 142 ©-0006 
Mass 136 (C, phenol)t 0-0002 
Mass 122 (C, phenol) 0-002 
Mass 108 (cresol) 0-001 

0-006 








* Tentative identifications are given in parentheses. 


+ This notation designates phenol substituted with three saturated 
carbon atoms, i.e. propylphenol, methylethylphenol, or trimethyl- 


phenol. 
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extracted with about 100 ml of ether. After the ether had been allowed to 
evaporate at room temperature, a residue of 0-03 g of a viscous yellow oil 
was obtained. This oil was examined by means of a 200° inlet mass spectro- 
meter and the results are given in Table 2. 

The mass spectrum also indicated that in addition to the components 
listed, the oil contained a complex mixture of high molecular weight materials. 
The low boiling material obtained from the cold trap was also analysed by 
means of a mass spectrometer. In addition to sulphur dioxide and water, 
it contained 0-09 g of furan, 0-9 g of benzene and 0-04 g of toluene. 

Most of the solvent was removed from the carbon tetrachloride solution 
containing the neutral components using a 12-in. Vigreux column. In addition 
to the carbon tetrachloride, the distillate contained 4-5 g of benzene and 
0-09 g of toluene . The residue was examined using a 200° inlet mass spectro- 
meter and the results are tabulated in Table 3. 








Table 3 
Component | Weight, g 
Biphenyl | 4°66 
Methylnaphthalene | 0-37 
Naphthalene 5-78 
C, benzene 0-16 
Toluene | 0-13 


11-1 





Decarboxylation using thermal decomposition of the copper salts 

A 40-0 g portion of the model mixture was mixed with 16-0 g of basic 
copper carbonate [CuCO,.Cu(OH),] in enough water to produce a solution 
volume of about 160 ml.. The mixture was heated for two hours on a steam 
bath and then changed to a 320 ml stainless steel autoclave. The autoclave 
was heated to 150° for about 2 hours and then maintained at 250° to 260°C 
for 26 hours. After this length of time, the pressure had reached 750 Ib/in?. 
The autoclave was carefully vented and the contents washed out with both 








Table 4 
Component Weight, g 
Biphenyl 3-5 
Naphthalene 3-2 
C, benzene 0-05 
Toluene 0-05 
68 








water and carbon tetrachloride. The mixture was made basic and the dark 
coloured, insoluble residue filtered out and discarded. 

The aqueous, basic extract was then acidified thereby precipitating a tan- 
coloured material. The composition of thfs tan, insoluble material was 
investigated using a 200° inlet mass spectrometer. It contained 3-7 g of 
benzoic acid and 2-6 g of naphthoic acid. A significant amount of a mass 
73 fragment (—CH,—CH,—COOH) was also found but no peak was 
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detected at the molecular weight of this component. The mixture also con- 
tained small amounts of mass 198 («-phenylbenzoic acid), 196, 170 (phenyl- 
phenol), 168 and 164 (isopropylbenzoic acid). 


Most of the solvent was removed from the carbon tetrachloride solution 
of the neutral components using a 12-in. Vigreux column. The distillate 
contained 0-65 g of benzene, 0-1 g of toluene, 0-18 g of naphthalene, and 
0-21 g of biphenyl in addition to the carbon tetrachloride. The composition 
of the residue as determined by its mass spectrum is given in Table 4. In 
addition to the nuclei listed, small amounts of masses 202, 196 and 168 were 
also found. 


Since small amounts of unexpected nuclei were found in the residue, it 
was chromatographed so that they could be more positively identified. A 
9-60 g portion was chromatographed using a 1 x 14 in. column filled with 
about 150 g of alumina. The solvents used to elute the column are listed in 
Table 5. 








Table 5 
Fraction | Solvent | Volume, ml 
1 | Carbon tetrachloride 225 
2 Carbon tetrachloride 500 
3 Acetonitrile 225 
4 Acetonitrile 500 
5 Acetonitrile 100 
6 | 95% Ethanol 250 
7 | 95% Ethanol 450 








The first part of the solvent was removed on a steam bath under reduced 
pressure and the remaining solvent removed by means of a jet of air at room 
temperature. Fractions | and 2 were not taken to dryness to avoid losing 
the more volatile components. The fractions were examined by means of a 
200° inlet mass spectrometer. The first two fractions contained only biphenyl 
and naphthalene. Fraction 3 contained a mixture of small amounts of many 








Table 6 
Component Weight, g 

Mass 232 (phenylnaphthylketone) 0-05 
Pyrene 0-09 
Lactone of 2-hydroxy-2'-biphenylcarboxylic acid 0-4 
Biphenyl | 3-0 
Naphthalene 3-1 
Mass 149 (fragment) 0-08 





components while the later fractions contained almost exclusively mass 196. 
This mass 196 was shown to be the lactone of 2-hydroxy-2’-biphenylcarboxy- 
lic acid by its i.r. spectrum. The total weights of the various components 
of these fractions, based on the total weight of the residue rather than the 
9-60 g actually chromatographed, are given in Table 6. 


Very small amounts of the following components were also found: Mass, 
220, mass 208, mass 182 (benzophenone), mass 180 (fluorenone), mass 168 
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(biphenylene oxide) and possibly mass 280. The pyrene was identified by its 
mass and u.v. spectra. 


RESULTS 
The amounts of the various nuclei found using each of these decarboxylation 
methods are tabulated and compared with calculated amounts in Table 7. 
The amounts found using the copper—quinoline method generally agreed 











Table 7 
| } 
| Copper-quinoline | Thermal decomposi- 
Call | method tion method 
Component* oe 
amount, 8 Amount | Amount | Amount | Amount 
| found, g | found, % | found, g | found, % 
Benzene 9:3 54 | 638] 6S | 7 
Toluene 0-27 0:26 =| 96 O15 | 56 
isoPropylbenzene 0-14 0-16 114 005 | 36 
Naphthalene 5-7 5:8 102 io. SO 60 
Biphenyl 48 | 47 | 98 ee 4! 77 
Furan 0-23 009 =| 39 0-0 0 
n-Propylpyrene 0-32 0-0 0 0-0 0 
Methyinaphthalene 0-0 0-37 | on 0-0 _ 
Pyrene 0-0 00 | -- 0-09 — 
Mass 232 (phenylnaphthyl- 
ketone) 0-0 0-0 = 0-05 _ 
The lactone of 2-hydroxy- | 
2'-biphenylcarboxylic acid 0-0 0-0 | —_ | 0-40 - 














* In addition to the above components, very small amounts of phenols were found in the products of the 
copper-—quinoline method and probably were also in the products of the thermal decomposition method. 
Complex, oxygenated nuclei were also found in the products of the thermal decomposition method. 

very well with the calculated amounts. This agreement would probably be 
even better if a larger amount of the mixture had been decarboxylated. The 
amounts of the most volatile components, benzene and furan, that were 
obtained were substantially below the calculated amounts. This was doubt- 
less due to the long reaction time that was used. Low yields of benzene were 
also obtained when the acids obtained by the controlled oxidation of bitu- 
minous coal were decarboxylated using this method and a long reaction 
time*. It is interesting to note that the furan nucleus survived the decarboxy- 
lation. This indicates that since no furan was found in the decarboxylation 
products of the coal acids, the furan ring is probably not present in the coal 
acids. Neither pyrene nor any derivative of pyrene was found in the neutral 
decarboxylation products indicating that «-(1-pyrene)butyric acid was not 
decarboxylated. This is not unexpected since it is an aliphatic acid and not 
an aromatic acid, as are the others. 


Methylnaphthalene was an unexpected product of the copper—quinoline 
decarboxylation of the model mixture. In our earlier work’ *, the amounts 
of methylnaphthalene found in the decarboxylation products of the coal 
acids have been much more variable than have the amounts of any other 
nucleus. This has since been shown to be caused by small amounts of 
methylnaphthalene frequently present as an impurity in the quinoline used 
in the decarboxylation. 
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Very small amounts of phenols were also found in the copper—quinoline 
decarboxylation products of the model mixture. Because of this, it is doubtful 
if much can be concluded from the small amounts of phenols found in 
decarboxylation products of the coal acids. 


The thermal decomposition of the copper salts of the model mixture 
resulted in a much less complete decarboxylation. No furan and no propyl- 
pyrene were found in the products although a small amount of pyrene itself 
was detected. A significant amount of the lactone of 2-hydroxy-2’-biphenyl- 
carboxylic acid was found doubtless arising from the diphenic acid. Small 
amounts of mass 232, probably phenylnaphthylketone, and other oxygenated 
products were also obtained by using this decarboxylation method. There- 
fore, the lactone of 2-hydroxy-2’-biphenylcarboxylic acid and probably the 
9-fluorenone and the biphenylene oxide reported by Entel* and by us in a 
previous paper‘ are artefacts of the decarboxylation method and not present 
as such in the coal acids. These nuclei were found by using the thermal 
decarboxylation method but not by using the gopper—quinoline method. 
Larger amounts of benzophenone were also found by using the thermal 
decomposition of the copper salts and so probably some of this oxygenated 
nucleus is also an artefact of the method. Small amounts of phenols are 
probably also present in the decarboxylation products as they were when the 
copper—quinoline method was used but they were masked by the large 
amounts of undecarboxylated and partially decarboxylated acids recovered. 


CONCLUSION 

The copper—quinoline decarboxylation method seems to be quite reliable 
and to provide a good estimate of the amounts of the various nuclei present. 
A significant amount of methylnaphthalene was found, however, where 
there should have been none. This was caused by the presence of a small 
amount of this material as an impurity in the quinoline used in the reaction. 
Therefore, while the methylnaphthalene nucleus is present in the coal acid 
mixture, the large amounts reported in an earlier paper? must be viewed with 
suspicion. The thermal decomposition of the copper salts resulted in a much 
less complete decarboxylation of the model mixture and, in addition, resulted 
in the formulation of oxygenated nuclei. The lactone of 2-hydroxy-2’- 
biphenylcarboxylic acid which was present in the thermal decarboxylation 
products of the coal acids* * is probably obtained from a diphenic acid-type 
precursor since it was also found in the decarboxylation products of the 
model mixture. It also seems likely that the 9-fluorenone and the biphenylene 
oxide and some of the benzophenone that was found when this decarboxy- 
lation method was used are also artefacts of the method. 


The Dow Chemical Company 
Midland, Michigan (Received June 1957) 
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The Swelling Power of Coal during Low 
Temperature Carbonization 


R. M. E. DIAMANT 





Some details of the construction and operation of a swelling meter designed to test the swelling 
power of coal under differing conditions are given. Use of this apparatus prompts the following 
observations. (1) The degree of swelling is inversely proportional to the time required to pass 
through the swelling region, i.e. the temperature range in which swelling takes place. (2) Two 
regions (one stable, one unstable) of swelling exist. In the stable region the coke produced 
possesses fine pores, while in the unstable region large vapour pockets exist. (3) The following 
experimental conditions favour formation of the unstable type of swelling: (i) high rate of 
heating, (ii) very low weight on sample, (iii) wide cup. (4) When the weight applied on the 
coal sample is varied and plotted against the degree of swelling a curve possessing both a 
maximum and a minimum is produced. 





THE property of coal to swell on heating has been a fairly considerable 
handicap to the development of techniques of low temperature carboniza- 
tion. 


Swelling is a highly complex property and the experiments described were 
designed to elucidate the mechanism of this phenomenon. 


It was decided to investigate this problem by making a number of test 
runs under different conditions to study the nature of swelling of coal. At 
the outset it became clear that neither the Sheffield laboratory coking test 
nor other existing apparatus was suitable and the following equipment was 
therefore designed (Figure 1). 


The swelling meter consists of a small capsule J, which could be placed 
into an electric heater M. A given quantity of crushed coal was compressed 
into the capsule under a given weight. The coal during expansion actuates 
a plunger, bearing a weight platform and operating a pointer C, which in its 
turn is able to push two light pointers D to the maximum and minimum 
position respectively. 


Thermocouples inside the plunger and heater enable the temperatures to 
be controlled. The current passing through the heater is adjusted by means 
of a rheostat. This apparatus gives very rapid and accurate readings and it 
is possible to vary the following factors during operation: 

(1) Weight on platform (G) 

(2) Current passing through heater and therefore rate of heating 

(3) Diameter of capsule 

(4) Quantity of coal in capsule 

(5) Degree of initial compression of coal in capsule. 


The two coals tested were: (i) Union mine coal, a highly swelling coal, 
and (ii) Parkgate coal, a medium coking coal. The following observations 
were made. 
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(1) When the rate of heating of a sample of coal in the swelling meter is wei 
varied, the degree of swelling is inversely proportional to the time required of 
to pass through the swelling region provided the unstable range of swelling the 
has not been reached (Figure 2). ( 

(2) When the rate of heating is increased beyond a certain value in the and 
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Figure 2. Swelling versus 1/T for Union mine coal 
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weight on the plunger (Figure 3). With further increase in weight the degree 
of swelling will rise to a maximum and then with yet further weight increase 
the degree of swelling will fall once more. 

(4) This effect is reduced when a narrower cup is used and the maximum 
and minimum positions are less pronounced. It is proposed to consider the 
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positions (J/7) beyond the maximum as the stable region and the ones (J, IJ) 
before the maximum as unstable, the terms ‘stable’ and ‘unstable’ having 
the same significance as before. 

(5) Provided that the stable region is reached, the degree of swelling is 
inversely proportional to the weight applied (Figure 4). 

(6) If the initial compression of the sample in the capsule is increased the 
degree of swelling is increased and the points of the maximum and minimum 
are shifted to the right. 

Reference to the appropriate graphs will clarify these statements. 
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Whatever the nature of flow through the pores of the coal, it will be seen 
from Figure 2 that there will be two different swelling slopes depending upon 
whether the sample is heated in what is called here the stable or the unstable 
region. It is postulated that two different types of swelling take place: 


(a) When the tar amalgamates a number of particles to form a large 
colloidal mass and the escape of the gases must take place by overcoming 
the surface tension of the tarry film; 


(b) When the gases escape through the pores of the coal. If the rate of 
heating is low the tarry vapours escape before they have had time to form a 
film and then the degree of swelling is dependent upon the pore size of the 
coal or rather the interstices between the microscopic particles which com- 
prise the coal. 


It is considered that flow (a) corresponds to the unstable region of Figure 2 
while flow (6) corresponds to the stable region. 


The strange behaviour of coal with reference to variation in pressure is 
explained as follows: 


When no weight is applied the sample of coal forms a plastic mass and all 
gases are trapped in the centre in the same way as when a sample of coal is 
heated rapidly. With the application of pressure the surface film is cracked 
and the vapour can escape easily through the cracks. After the minimum 
has been reached any further increase in pressure will enable the particles to 


coalesce once more, causing a maximum in swelling while from then onwards 
an increase in pressure causes a decrease in swelling as the gas laws then 
become operative. 
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The Direct Determination of Mineral 
Matter in Coal 


M. BisHop and D. L. Warp 





Investigations have been carried out on the Radmacher and Mohrhauer method for the direct 
determination of mineral matter in coal. Tests on thirteen samples covering the range of rank 
of British coals have shown that good duplication is possible and that the method gives results 
which compare closely with those obtained indirectly by the use of the King, Maries and 
Crossley formula. Various aspects of the method have been investigated, such as the possibility 
of oxidation during the extraction procedure, the effects of the original chlorine content, and 
of the presence of calcium compounds in the coal; as a result, minor modifications to the 
original method are suggested. 





THE mineral matter content of coal is generally deduced indirectly from the 
ash and other analytical data. Several formulae have been published but 
even the best of them—that due to King, Maries and Crossley—is open to 
objection. The most serious criticism is that some of the factors in these 
formulae are based on average values, and inaccuracy must result when the 
composition of a component differs significantly from that average value. 


The recent publication of a direct method of determination by W. Rad- 
macher and P. Mohrhauer’ is therefore of considerable interest. The method 
is said to be applicable to hard coals and is based on removal of the major 
part of the mineral matter from the coal by extraction with strong hydro- 
fluoric and hydrochloric acids. The results obtained by the authors were in 
good agreement with those calculated by the King, Maries and Crossley 
formula. 


Earlier attempts to devise methods based on acid extraction were unsuccess- 
ful. A. C. FieELDNER, W. A. SeELviG and G. B. TAYLOR’ reported that hydro- 
fluoric and hydrochloric acids attacked the coal substance, causing significant 
loss of carbon, and H. C. TURNER® encountered similar difficulties. K. MAYER® 
attempted a complete determination of mineral matter by the same method 
but was unable to account for an increase in the weight of the sample when 
the mineral matter content—and hence the acid-soluble fraction—was very 
small. More recently, J. VENTER and L. CoppeNs'® attempted to reduce 
possible oxidation during the extraction process by introducing a preliminary 
mild oxidation step, but were unable to improve on Mayer’s results. 

Radmacher and Mohrhauer appear to have established conditions that do 
not cause significant oxidation of the coal substance and contend that the 
phenomenon of increase in weight reported by Mayer is due to adsorption of 
hydrochloric acid by the coal. 

The present investigations were undertaken to examine the Radmacher and 
Mohrhauer method and to assess its applicability to British coals. 
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PRELIMINARY EXPERIMENT 


The method is described fully in the Radmacher and Mohrhauer paper, and 
also in the appendix hereto with minor modifications found to be desirable 
in the course of the present work. Briefly, it entails the treatment of a known 
weight of —72 B.S. mesh coal of known moisture content with hydrofluoric 
and then with hydrochloric acid at 50°C for periods of about 45 minutes. The 
residual coal is recovered in a plastic filtration unit, washed thoroughly, then 
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Figure 1. Filtering apparatus 


dried and weighed. The amount of mineral matter extracted is the loss in 
weight of the coal after allowance has been made for changes in moisture 
content and for adsorbed hydrochloric acid. A small amount of mineral 
matter, including pyrites, is not dissolved in the acids used; it is determined by 
calculation from the ash of the extracted coal, the assumption being made 
that the ash has the same composition as the mineral matter from which it is 
derived except for the change of pyrites to iron oxide. 


192 





ral 


ca 


id 
le 
mn 
ic 





YUM 


THE DIRECT DETERMINATION OF MINERAL MATTER IN COAL 





Apparatus 

The apparatus used is shown in Figure J. It must be of acid-resistant material 
and the obvious choice on grounds of cost is a plastic. The filtration unit has 
to be weighed during the determination and it is therefore essential that the 
plastic from which it is constructed shall possess a high degree of weight 
stability. This was investigated for three readily available plastics—PVC, 
polythene, and bakelite fabric—using pieces of tubing of similar size. These 
were dried, cooled and weighed, and then left in the air for two minutes before 
wiping with a fibre-free cloth and reweighing—a procedure which follows 
that of an actual determination. From the variations in weight observed during 
these tests it was obvious that PVC was more satisfactory than either poly- 
thene or bakelite. 


Effect of acid extraction process on coal substance and on pyrites 

In view of the difficulties which earlier workers had encountered, it was 
considered advisable to check that the specified acid treatment did not result 
in attack of the coal substance. If such attack should occur, it can be due to 
oxygen dissolved in the acids, or to the acids themselves, and if it is significant 
it can be detected by change in the carbon and hydrogen contents of the coal. 


The first of these possibilities was investigated by extracting a sample of low 
rank vitrain from Cronton Colliery with oxygen-free acids in an inert atmo- 
sphere, while a duplicate sample of the same vitrain was extracted without 
those precautions. The results, given in Table 1, demonstrate that no signifi- 
cant oxidation occurs when the specified procedure is followed. 


Table 1. Carbon and hydrogen contents before and after acid extraction 


























4 Dry, ash free basis, per cent 
~ Hs Sample Coal 
Colliery Seam Pp Rank Before extraction After extraction 
No. | c ‘ode 
Carbon | Hydrogen | Carbon Hydrogen 
Crombuke | | | 82-76 . | 4:99) « | 82-68 . 516) «. 
a a . roe Saas} 82-63 | $08 y 5-04 | 32.38 7 82°53 | sug pe IS 
‘onton Laniin 6/1084; 8 | | 82-64 5-06 
P 82:48" | 5-08* 
Delf | | 82:32 5-11 
Bedford | ‘Peacock | $6/1203 | 602 Hed 83-36 33} 5:54 | sary 83-17 3} 5-48 











84-22 5-30 

Bedford | Wisan Two c sic 602 | 84-23 } 84-23 $0 531 | 8408) ais | $24) 5.28 
84-25 5-32 | 84-23 5-32 

Binley | Nine Feet co 78°32\ og.26¢ | $19) 5-204 | 78231 re19¢ | $07 sot 

* Oxygen free acids used. t Dry, mineral free basis. 


The other possibility—attack by the acids themselves—was then investi- 
gated by carrying out carbon and hydrogen determinations in duplicate on 
four coal samples before and after acid extraction. Three of the samples were 
selected vitrains of very low ash content and the carbon and hydrogen values 
were compared on the dry ash free basis. The fourth sample (from the Nine 
Feet Seam at Binley Colliery) was a bright coal with 9-4 per cent mineral 
matter content (King, Maries and Crossley) before extraction and 3-1 per 
cent mineral matter content after extraction; in calculating the latter value 
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it was assumed that all the chlorine in the extracted coal was present as 
hydrochloric acid, that all the iron was pyritic, and that the non-pyritic part of 
the mineral matter was unchanged on ashing. For this fourth sample the 
comparison of carbon and hydrogen contents was made on the dry mineral 
free basis. The results, given in Table 1, confirm that the acid treatment 
causes no significant attack on the coal substance. 


Table 2 demonstrates that the pyrites in coal also emerges unchanged from 
ithe acid treatment. 


Table 2. Pyrites content of original and extracted coals 
(Per cent based on original air-dried coal) 








Sample No. Coal Rank Code | Original coal Extracted coal 
23460 301 3-42 3-40 
21583 500 | 0-23 0-23 
20883 600 0-50 0-52 
21175 702 1-67 1-67 
21984 702 1-94 1-93 
22056 702 1-69 1-69 
22057 702 1-71 1-67 
22054 902 1-43 1-41 
22055 °02 0-77 0-80 
23432 902 6-11 0-10 





Adsorption of hydrochloric acid 

Radmacher and Mohrhauer state that the increase in weight observed with 
samples of very low ash content is due to adsorption of hydrochloric acid. 
This has been confirmed for a coal with 0-2 per cent ash: on acid extraction 
there was an increase in weight of 0-76 per cent, but when the weight of the 
extracted sample was corrected for the hydrochloric acid it contained, the 
corrected change in weight was a loss of 0-93 per cent. 


Effect of acid extraction on chlorine in coal 
In the Radmacher and Mohrhauer method the assumption is made that 
chlorine in coal is in the form of inorganic chlorides and that it is eliminated 


Table 3. Chlorine contents of coal before and after hydrofluoric acid extraction 





| 
Initial chlorine | Chlorine after hydrofluoric acid 
Sample No. Coal Rank Code | (air-dried basis, treatment and water washing 


’ 
/ 





} per cent) (air-dried basis, per cent) 
19566 * | 0-96 0-03 
56/60 702/802 0°55 0-12 
22018 802 0-47 0-06 
12770 502 0-43 0-08 
20182 501 0-39 0-09 
56/322 500 0-37 0-07 
21564 501 0-36 0-11 
22506 502 | 0-33 0-09 
21554 502 0-28 0-07 
22323 501 | 0-27 0-08 
20912 301 0-06 0-03 





* Heat-altered coal. 
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by the acid extraction process. Examination of eleven British coals has shown 
that some chlorine remains after extraction of the sample with hydrofluoric 
acid, as shown in Table 3. 


The amount of residual chlorine is, however, small and is unlikely to lead 
to an error of more than 0-1 per cent in the determined mineral matter. 


Fate of calcium in original coal 

In calculating the residual mineral matter in the extracted coal, it is assumed 
that this mineral matter, other than pyrites, is unchanged in composition on 
ashing. Fieldner, Selvig and Taylor* showed that on treating coal containing 
calcium with mixed hydrofluoric and hydrochloric acids, insoluble calcium 
fluoride was produced. Any calcium fluoride present in the extracted coal 
forms calcium oxide on ashing, and invalidates the above assumption. 
Extraction of some samples of coal with hydrofluoric acid followed by 
hydrochloric acid, as in the procedure specified by Radmacher and Mohrhauer 
(loc. cit.), resulted in residues of which the ashes were rich in calcium oxide— 
see Table 4. 


Table 4. Calcium oxide content of coal before and after direct mineral matter determination 











Ash | Calcium oxide content | , 
Coal : Possible error 
~— le Rank | Pe ff ) } (dry basis, per cent) | on mineral matter 
Code eee Original coal Extracted coal (per cent) 
| . \* 
23875 90 | 67 2:53 | p18 | 4 
23381 700 | 66 1-04 0-39 | O15 
| | ° * \. 
23382 800 | «85 0-91 | ce | oon 
23460 301b | 6:3. 0:77 0-47 0-18 
23379 500 | «(7-7 0-44 | 0-14 | 0-05 
23434 102 | 47 0-43 0-11 0-04 
21583 500 POE 4 6-42 | 0-20 0-08 
20883 600 67 | 0-33 0-16 0-06 
23432 900 3-3 0-28 0-13 0-05 
23380 600 79 0-21 0-12 0-05 
23433 101 2-4 0-13 0-02 0-01 
23435 201b =| = 255 0-10 0-03 | 0-01 
23461 400 | 11-0 0-03 | 0-02 0-01 








* Normal extraction procedure. 
t Preliminary extraction carried out using 50 per cent hydrochloric acid. 

It will be seen that the percentage of calcium oxide in the ash of the extracted 
coal is between 30 and 70 per cent of its value in the ash of the original coal 
if the specified extraction procedure is used. This is a source of serious 
potential error. That percentage can, however, be reduced to a negligible 
amount by introducing a preliminary hydrochloric acid extraction (see 23875t 
and 23382+ in Table 4 above. The additional work involved in carrying out 
this extraction is small, and it is recommended that it should be included in 
the method if high-calcium coals are used. If the carbon dioxide content of a 
sample, however, is less than 0-5 per cent, it is unnecessary to carry out a 
preliminary hydrochloric acid extraction as the resulting error is 0-1 per cent 
or less. 
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RESULTS OF COMPARATIVE TESTS 


A series of determinations was carried out by the direct method using thirteen 
coal samples covering the rank variations of normal British coals. For pur- 
poses of comparison mineral matter data were also obtained indirectly using 
the King, Maries and Crossley formula as modified by J. ON. MILLotT"! and, 
for the South Wales coals, by W. J. S. PRINGLE and E. BRADBURN”. Millott 
investigated the factor in the King, Maries and Crossley formula that relates 
to the correction of the determined ash for the water of constitution of the 
hydrated silicates. He extracted the mineral matter from nearly 80 samples of 
coal, selected to cover the principal coalfields of Great Britain and the range 
of coal rank, and determined the water of constitution of the hydrated 
silicates in the extracted material. The results showed considerable variation 
but no apparent relationship with either rank or location. The average value 
for the water of constitution was 11-2 per cent, corresponding to a correction 
factor of 1-13, and he accordingly proposed that the factor 1-09 in the King, 
Maries and Crossley formula be replaced by 1-13. 


Pringle and Bradburn re-examined the factors compensating for the thermal 
decomposition of the carbonate minerals on a similar set of coal samples. 
They confirmed the validity of the factor 0-8 CO, in the King, Maries and 
Crossley general formula but concluded that the regional factor of 0-7 CO, 
for South Wales coals is unsoundly based. They recommended that 0-8 CO, 
be used as a national factor. 


The modified formula, which is held to be generally applicable throughout 
Great Britain, is thus: 


Mineral matter = 1-13 A + 0-5 Spyr + 0-8 CO, + 2-8 Sso, + 0°5 Cl — 2°8 Sash 
where, expressed as percentages on the air-dried basis, A = determined 
ash, Spyr = pyritic sulphur, CO, = carbon dioxide, Sso, = sulphate sulphur 
in coal, Cl = chlorine, and Sasn = sulphur from SO, fixed in ash. 


The values by the direct and indirect methods were obtained independently 
at the Chester and Newcastle Coal Survey Laboratories on duplicate samples 
of the selected coals. They are recorded in Table 5. 


It will be seen, on comparing the average value given by the direct method 
at the two laboratories, that in only two instances do these values diverge by 
more than 0-2 per cent. The standard deviation between the two laboratories 
is 0-12. i.e. + 0-2 per cent on the 95 per cent level of probability. For the 
laboratories separately the value is 0-06, i.e. + 0-1 per cent for Newcastle and 
0-17, i.e. + 0.3 per cent, for Chester, both on the 95 per cent probability level. 


Comparing the results given by the direct method with those calculated by 
the King, Maries and Crossley formula, in only one case at the Newcastle 
and in two at the Chester laboratory do the average results diverge by more 
than 0-2 per cent; the standard deviation was 0-15 for Newcastle and 0-20 for 
Chester. The direct method thus gives satisfactory results compared with the 
indirect method for these samples. 


From a consideration of Radmacher and Mohrhauer’s results for German 
coals and those for other Lancashire and Northumberland coals which have 
been tested at the Chester and Newcastle laboratories, there is no reason to 
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suppose that the method is not of general application to hard coals. Further, 
as the method does not involve the use of average values, it may well be that 
for most coals it gives a closer approximation to the true mineral matter 
content than is attainable by the use of formulae. 


CONCLUSIONS 


(1) Investigations at two laboratories of 13 samples of coal, covering the 
Coal Rank Codes 100 to 900, have shown that good duplication of results, 
both within and between laboratories, is possible in the direct method of 
determination of mineral matter. The standard deviation is 0-06, i.e. + 0-1 
per cent, within one laboratory and 0-12, i.e. + 0-2 per cent, between labora- 
tories on the 95 per cent level of probability. 


(2) The work described in this paper confirms the value of the King, 
Maries and Crossley formula for the estimation of mineral matter. The direct 
method of determination is not, however, subject to error with unusual! coals. 


(3) The total time taken for carrying out a determination by the direct 
method is considerably less than that required by the various determinations 
concerned in the King, Maries and Crossley formula. It is not, however, less 
than that required for the determinations concerned in the simplified version 
of this formula due to R. L. Brown, R. L. CALDWELL and F, Ferepay™. 


(4) It is recommended that the filtration unit used in the direct method 
should be constructed of a plastic which has a high degree of weight stability 
under the conditions of use. A suitable plastic is PVC: polythene and bakelite 
are not suitable. 


(5) Tests made on several coals of different ranks suggest that oxidation 
of the coal does not occur to any appreciable extent during the acid extraction 
process used in the direct method. 


(6) Preliminary extraction with 50 per cent hydrochloric acid is recom- 
mended for coals of high calcium content, to obviate the formation of 
insoluble calcium fluoride. 


(7) Although the chlorine in the original coal may not be completely 
removed by the extraction process, this has no significant effect on the results. 


The investigations were carried out as part of the programme of work by the 
Coal Survey Branch of the Scientific Department of the National Coal Board. 
Thanks are due to Dr J. O’N. Millott and Mr A. H. Edwards, the Chief 
Coal Survey Officers of the Chester and Newcastle Coal Survey Laboratories, 
respectively, for their guidance in this work. 


National Coal Board, 
Albert Embankment, 
London, S.E.11 (Received September 1957) 


APPENDIX 
(1) The Indirect (KMC) Method 
The determinations of ash, sulphur forms, carbon dioxide and total chlorine 
necessary for the application of the King, Maries and Crossley formula in the 
mineral matter calculations were carried out by B.S. methods". 
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(2) The modified Radmacher and Mohrhauer or Direct Method 
Extraction—Weigh accurately about 6 g of air-dried coal, passing a B.S. 
72-mesh sieve, into a 200 ml hard polythene or PVC beaker and add 40 ml o: 
5Nn hydrochloric acid. Insert a polythene tube (sealed at one end) to carry a 
thermometer and a polythene stirrer and place a polythene cover slip over 
the beaker. Place in a water bath, maintained at 55° to 60°C. Stir the contents 
at 5 minute intervals, remove the beaker after 45 minutes and allow the coal 
suspension to settle for ten minutes. Decant the acid solution through the 
prepared filtering device at the vacuum pump. Wash any coal on the filter 
with water, drain and transfer back to the beaker using not more than 
10 ml of water. Care is required to avoid loss of coal by splashing. With coals 
having a carbon dioxide content of less than 0-5 per cent this first hydrochloric 
extraction is unnecessary. 


Add 40 ml of redistilled hydrofluoric acid (sp. gr. 1-13) and repeat the heat 
treatment and filtration as above. Rinse any coal on the filter back into the 
beaker with not more than 5 ml water. Add 50 ml of concentrated hydrochloric 
acid to the beaker and repeat the extraction procedure for 45 minutes. Wash 
the coal three times by decantation with water, transfer entirely to the filter 
and wash 20 times with 25 ml portions of hot water. Remove any residual 
coal from the beaker by means of a rubber-tipped rod and cold water, 
ensuring that no polythene is removed in the process. Drain the coal at the 
pump for 5 to 10 minutes. 


Drying and weighing—Dismantle the filter, break up the compacted wet 
coal and dry the filter top and coal in a vacuum oven at 50°C and 29 in. 
vacuum for about 1-5 h. Remove and allow to cool in air for about one hour 
to attain equilibrium, then weigh. Recover the coal and transfer as much as 
possible to a glass-stoppered bottle. Wipe the filter top and filter paper free 
from coal and reweigh. Obtain the weight of extracted coal by difference. 


Corrections and calculations—Mix the treated coal thoroughly and deter- 
mine its moisture, ash, chlorine and total iron content (pyritic iron) by B.S. 
methods. The amount of mineral matter is given by the expression 

Mineral matter =: ©: — Go + F + MOY ® ,. 199 
G, 
where G, = weight of original coal, G, = weight of extracted coal, P = 
weight of pyrites in extracted coal, HCl = weight of hydrochloric acid in 
extracted coal, and A = weight of ash, less iron oxide from pyrites, in the 
extracted coal (all weights in grammes). All results are on a moisture-free 
basis. 





Safety precautions—Concentrated hydrofluoric and hydrochloric acids are 
dangerous, corrosive liquids. Where it is necessary to transfer coal from the 
filtration device back to the beaker, a polythene wash bottle containing wate. 
must be used. 
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Measurements of the Static and Dynamic 
Elastic Moduli of Coal 


W. T. A. MorGans and N. B. TERRY 





Measurements have been made of the elastic moduli of a bituminous and an anthracite coal 
using both static and dynamic techniques. Both coals show evidence of transverse isotropy, 
but the appropriate elastic relationships are not closely obeyed, probably because of the 
cracked nature of the material. Several mechanisms are suggested to explain the observed 
anisotropy. Static loading tests show a linear stress/strain relationship, and it is shown that non- 
recoverable viscous flow has a negligible effect on the determination of the static moduli. 
Although individual values of the static moduli show a considerable scatter, the mean values 
are significantly lower than the more precise measurements of moduli obtained with the 
dynamic technique. It is pointed out that the presence of cracks and other discontinuities will in 
general give rise to a difference between the static and dynamic moduli; moreover, since coal 
is a viscoelastic material, the measured modulus is dependent upon the rate of loading, and 
higher values will be obtained from dynamic tests than from static tests. 





COAL may in general be said to possess a stratified structure, i.e. it consists 
of layers of components such as vitrain, durain, clarain and fusain, which 
differ from each other physically and which occur in planes parallel to the 
bedding plane. There is usually a set of markedly well-defined and oriented 
cracks, which are known as cleats and which lie in parallel planes roughly at 
right angles to the bedding plane. A further set of cleats, roughly perpen- 
dicular to both the primary cleat plane and the bedding plane, can be seen 
in some coals. In addition there is usually an irregular macroscopic crack 
structure, and the coal material itself is known to be permeated with pores 
and capillaries of microscopic and sub-microscopic sizes. 


It is likely therefore that the elastic behaviour of bulk coal will in general 
be different from that of the basic coal substance. With possibly one excep- 
tion', measurements by previous workers, as well as those described here, 
refer to the elastic properties of bulk coal. The relationship between the two 
sets of properties cannot easily be assessed, since it depends upon the distri- 
bution of cracks or capillaries, and the effect of these on the technique used 
for measurement. 


For dynamic techniques, where small specimens are subjected to mechanical 
vibrations involving low strains (10°), the scatter is comparatively small; 
static methods of measurement, on the other hand, give rise to a larger 
scatter of results, but can be extended to the high strains (10-*) occurring in 
mining processes. Because of the inhomogeneous nature of coal, unique 
values for the elastic moduli cannot be obtained and many measurements 
are required for representative evaluation. Very few data have in fact been 
published on the elastic constants of coal and, apart from the work of K. 
INouYE* * with H. TANI on Japanese and American coals, a detailed examina- 
tion of the same coals by both static and dynamic techniques does not seem 
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to have been previously attempted. Moreover, in the literature available?~®, 
little or no information is given of the number of specimens tested and of 
the scatter of results obtained. 


In order that a reliable model for the mechanical behaviour of bulk coal 
may be eventually formulated it is considered that an examination of the 
elastic behaviour of the same coal types by more than one technique is 
essential. This paper describes measurements on a bituminous and an 
anthracite coal, using two distinct static techniques and one dynamic tech- 
nique. Details of the two coals are given in Table J. 


Table 1. Description of coals 





NCB | Approx. | Density 








Colliery Seam Description | Coal Rank | VM (in helium) 
| Code No. | % | g/cm? 
Llandebie or Pumpquart | Anthracite | 100a 7 1-499 
Pentremawr | 
Rossington Barnsley (Top Hards) | Strong, dull,| 801 34 | 1-364 
bituminous | 
coal 





DYNAMIC MEASUREMENTS 


The composite oscillator method 

It is preferable to carry out measurements on small specimens since these 
may be selected so as to be free of macroscopic flaws, which might con- 
siderably influence the results. The composite oscillator method, using 
magnetostrictive excitation, is considered suitable for measurements on small 
specimens, and since it has been adequately described elsewhere'®-'*, only 
a brief description will be included here. 


The coal specimen, in the form of a small prism or cylinder, is cemented 
end-to-end to a nickel cylinder which is selected so as to have approximately 
the same natural mechanical frequency as the coal specimen. The nickel rod 
is magnetostrictively excited to mechanical vibration by placing it axially in 
a small coil in which an alternating current is flowing. The mechanical 
vibrations are transmitted to the coal specimen and the mechanical resonance 
vibrations of the composite rod are detected by a second small coil placed 
about the nickel rod. The motion at resonance is described by the following 
equations: 


M,f, tanaf/f, + Mzf,tanaf/f, = 0 ery 
and 


Ff, = (1/21) Ki/ pi) inna 


where M, is the mass of a rod (i = 1 and 2 for nickel transducer and coal 
specimen respectively), p; is the density of a rod, fis a mechanical resonance 
frequency of the composite rod, /; is the length of a rod, and K; is the 
appropriate elastic modulus. 
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Depending on the polarization of the nickel transducer, either longitudinal 
or torsional vibrations may be produced*, so that the Young’s moduli and 
the rigidity moduli of the coal specimens may be determined. For longitudinal 
vibrations, equations | ‘and 2 are applicable to thin prisms of any shape of 
cross section, and for convenience of preparation prisms of approximately 
square cross section of side about } in. were used. These were prepared from 
blocks of coal by means of a high-speed carborundum slitting wheel. For 
torsional vibrations, equations 1 and 2 apply only to cylinders of circular 
cross section. Suitable cylinders of coal, 3 in. in diameter, were prepared in 
a lathe using a small grinding wheel. All the specimens used were 2 cm to 
3 cm in length and were resonated at frequencies between 4 kc/s and 20 kc/s. 
The experimental accuracy of the method is limited by the precision with 
which the specimens can be prepared, but is somewhat better than | per cent. 

As the values of the elastic moduli are affected by the moisture content of 
the coal, all the dynamic measurements were made on specimens which had 
been dried for several weeks over phosphorus pentoxide. For convenience 
the actual measurements were effected rapidly at room temperatures and 
humidities. 

As far as could be ascertained all the Barnsley Hards specimens were free 
of macroscopic cracks. The anthracite contained a number of fine, but 


Table 2. Summarized results—dynamic moduli 





| pew | | 
| Young’s —_ ry | Deities Standard 














Coal | Orientation of major; Type of modulus | modul sr ee 
axis of specimen vibration ~— — | specimens ~~ Hs 
| (a) Parallel to | 
bedding plane; Longitudinal; 3-99 —- 5 0-05 
pr 7 major } 
| (b) Parallel to | | 
bedding plane, | Longitudinal; 4-08 _ 4 0-11 
| perpendicular to 
Barnsley | major cleat 
Hards | (c) Perpendicular to| Longitudinal| 3-27 a age 6 0-08 
bedding plane | 
| (d) 45° to bedding | Longitudinal| 3-36 — 4 0-02 
plane 
(e) Parallel to Torsional — 1-36 7 0-03 
bedding plane 
(f) Perpendicular to| Torsional — 1-18 6 0-02 
bedding plane : 
| (g) Parallel to Longitudinal| 5-42 — 10 0-07 
bedding plane 
| (h) Perpendicular to| Longitudinal| 4-59 —_— 11 0-08 
bedding plane 
Aualinactes | (i) os to bedding | Longitudinal| 5-25 — 9 0-04 
| ( j) Parallel to Torsional _ 1-65 9 0-03 
bedding plane 
| (k) Perpendicular to| Torsional — 1-47 6 0-05 
| bedding plane 
| 




















* The standard error is defined as & (xi — %)*/n(n — 1]! where ¥ is the mean value and n the number of 
specimens tested. 
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visible, cracks in spite of the fact that special care had been taken in its 
selection from the coal face. The small rods used for longitudinal excitation 
could, however, be selected so as to be fairly free of these cracks; for the 
# in. diameter cylinders used in the measurement of the rigidity moduli this 
was not possible. 


Investigation of anisotropy 

In order to obtain information about the elastic symmetry of the coal, 
specimens were cut with the major axis oriented in different directions 
relative to the bedding plane and, in the case of Barnsley Hards where well- 
defined cleating exists, relative to the cleat planes as well. All the specimens 
were cut from a single lump of coal. A summary of the results obtained by 
the dynamic method is given in Table 2. 


It can be seen that the scatter of the results is fairly small. Moreover, 
measurements on specimens cut from a later consignment of Barnsley Hards 
gave values for the elastic moduli which were within 5 per cent of those 
shown above. 


Table 2 shows that for specimens cut in the bedding plane the elastic 
modulus is independent of the direction of the axis relative to the cleat 
planes. Specimens cut perpendicularly to the bedding plane, however, show 
significantly lower moduli than those cut in the bedding plane. Thus the 
results for Barnsley Hards suggest that the elastic properties are symmetrical 
about an axis perpendicular to the bedding plane, and differ in a direction 
parallel to this axis from those perpendicular to it. A homogeneous material 
possessing this form of symmetry is said to be ‘transversely isotropic’*, and 
its elastic behaviour may be described in terms of five independent ‘moduli 
of compliance’, s,,, 52, 513, 533 and Sg. If components xx, fp, and 22 
represent tensile stresses acting along the x, y and z coordinate axes, f2, 7X 
and <j represent shear stresses acting respectively in the yz, zx and xy planes, 
and @,,...@,,... are the corresponding strains, then Hooke’s law may 
be written: 


~~ ~~ as 
Cre = Syy XX + Sip VY + Sy 2Z 


Cyy = Sy XX + Su JY + Sys 22 

Czz = Siz XX + Siz JY + Syq 22 

eyz = Sua V2 ai 

Cer = =a 

Cry = (Sir — 54s) xy 


where the z axis is the axis of symmetry. 


The relationships between the experimental moduli (i.e. Young’s modulus 
E and rigidity modulus G) and the moduli of compliance’ are given in 
Table 3. 


Poisson’s ratio is defined by 


Strain in the k direction 


7ik ~ ~~ Strain in the i direction 
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where the stress is applied in the i direction. For a transversely isotropic 
material there are three different Poisson’s ratios, i.e. 


Oye = Oxy = — Syo/Sy1 
Oy, = On, = — Sy3/Sy, 
and. 
lar 7a S13/Sss cece [3] 
The bulk modulus k is given by 
k = 1/{2(8y + Siz + 25,3) + Sos} ++ [4] 


Table 3. Relationships between moduli of compliance and experimental moduli 





| 
Direction of 
measurement Experimental | Relationship between experimental 





relative to modulus | modulus and moduli of compliance 
bedding plane 

Parallel Young’s Ey = 1/sy, 

Parallel | Rigidity | Gi = 2/ {54 + 2(54, — 512)} 
Perpendicular Young’s | E\ = 1/Sg3 
Perpendicular Rigidity | Gi = 1/4 

45° Young’s | E = 4)(sy, + 2513 + Sy3 + Sea) 





Using the experimental results shown in Table 2, the relationships given 
in Table 3, and equations 3 and 4, it is possible to derive values of the moduli 
of compliance, Poisson’s ratio and bulk modulus for Barnsley Hards. The 
values obtained are shown in Table 4. 


Table 4. Derived values of Poisson’s ratio and bulk modulus—Barnsley Hards 





| 


Modulus of compliance Bulk modulus 








cm?|dyne x 10% Poisson's ratio | dyne|cm* x. 10-1 Standard error 
Su = 2:48 | ner = 0-03 x 10-" cm?/dyne 
n= So | a | ten 0-08 v 
Sqg = 8-47 _ es 0-15 we 
iia = O04 _ | - 0-19 “ 
Sig = —1-06 foots 23 0-10 3 
—_ Oz, = 0:26 ah 0-08 
eg } oy, = 0-43 | a 0-04 
ep | Gzz = 0-35 sown 0-03 
= mm | 40 0-9 x 10! dyne/cm* 





Although the scatter for the experimental moduli is small it may be seen 
from Table 4 that, for the derived values of Poisson’s ratio and bulk modulus, 
the standard errors, which have been calculated by means of the usual 
equations", are comparatively large. The static measurements of Poisson’s 
ratio quoted later show as reasonable agreement with the derived values 
given in Table 4 as can be expected; there are no published values for the 
bulk modulus of Barnsley Hards. 
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In view of the experimental difficulties: of obtaining precise independent 
static measurements of Poisson’s ratio and bulk modulus, and considering 
the large degree of uncertainty with which these may be derived from the 
dynamic measurements, the validity of the assumption of transversely iso- 
tropic symmetry cannot be considered as verified. In fact, in view of its 
inhomogeneous nature, it is unlikely that bulk coal would behave elastically 
in a perfectly symmetrical manner, and it is probably more correct to con- 
clude that it merely tends towards transverse isotropy. The experimental 
results for anthracite do not conform with the theoretical relationships for 
a transversely isotropic material since application of these leads to a negative 
value for the bulk modulus. This anomaly may be due to the effect of the 
observed cracks in the cylinders of anthracite used for measurement of the 
rigidity moduli; these would reduce the value of the elastic wave velocity 
and therefore the calculated value of the modulus. It can be shown from 
Table 3 and equation 4 that this would in fact give a low and possibly negative 
derived value for the bulk modulus. 


Considerations of the elastic anisotropy 

The dynamic measurements clearly show that both the Young’s modulus and 
the rigidity modulus for a coal cylinder depend on the orientation of the 
cylinder axis with respect to the bedding plane. Except for the results obtained 
from 14 in. cubes of Barnsley Hards (see Table 7) the scatter of the static 
measurements was too large to show a significant directional variation of 
Young’s modulus. The dynamic measurements on Barnsley Hards also 
indicate that there are no significant differences between the elastic moduli 
of specimens cut in the bedding plane but in different directions relative to 
the cleat plane. This would suggest that the cleats do not arise as a conse- 
quence of a directional variation of the bond strength between molecular 
layers in the coal substance. 


The difference between the elastic behaviour in the bedding plane and 
that in a perpendicular direction could be accounted for by several different 
mechanisms. In the first place it could arise from a preferred molecular 
orientation (with its attendant variation of bond strength). This could be due 
either to the anisotropic nature of the original vegetable cells, or to the 
physical and chemical processes taking place during the formation of the coal, 
for example, the application of high stresses perpendicular to the bedding 
plane. It is worth noting that, from dynamic measurements on compara- 
tively homogeneous pure vitrains, J. SchUYER, H. DiyKstRA and D. W. VAN 
KREVELEN® have found evidence of transverse isotropy in those vitrains 
having a carbon content greater than 93 per cent. 


More important, possibly, is the formation of coal as a layered material. 
On a microscopic scale this could have resulted in the presence of a large 
number of flat cavities situated between the layered components of the coal; 
these would certainly account for a reduction in the elastic wave velocity in 
a direction perpendicular to the plane of the layers. Some evidence of the 
presence of such cracks or lenticular discontinuities is given by the large 
initial strains obtained by applying static stresses to cubes of coal in a 
direction perpendicular to the bedding plane (see Tab/e 8). Flat cavities 
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could, in fact, be produced by separation of the layers when the coal is 
removed from the influence of the high stresses found in the seam. 


On the macroscopic scale some of the components such as vitrain, durain, 
clarain and fusain would be expected to differ from each other in elastic 
behaviour, although there has not as yet been a systematic attempt to 
determine their respective elastic moduli. These components could be 
individually either isotropic or anisotropic in their elastic properties. It can 
be shown (see Appendix), that even if they were isotropic, any differences 
between the layers themselves would give rise to transverse isotropy in 
the composite material, the magnitude of the effect depending on the scatter 
of the values of the modulus corresponding to the different layers. 


STATIC COMPRESSION TESTS 

Preliminary considerations 

The measurement of Young’s modulus of coal by conventional static com- 
pression tests has recently been criticized*: ® on the ground that flow taking 
place in the specimen under load would influence the values obtained. In 
order to investigate this, the variation of strain with time was measured for 
cubes of coal subjected to constant loads; a typical curve for Barnsley Hards 
is shown in Figure J. To a first approximation the behaviour is that which 
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Figure 1. Strain/time curve for Barnsley Hards 1} in. cube. 
Load 1:98 ton. Compression perpendicular to the bedding plane 


would be obtained from the Burgers spring and dashpot model (see Figure 2), 
which is frequently used to represent viscoelastic materials. The application 
of a compressive stress, o, to this model would result in a strain S which is 


given by 
__ ft , 1, M—exp(—t8,/n)I } 
dete ie. : E, 4 E, 


The component ot/n, represents the irrecoverable strain due to viscous 
flow in the dashpot 7 ,. The slope of the linear portion of the curve in Figure J 
gives a measure of the viscosity y,, which for Barnsley Hards is found to be 
of the order of 10** poises, and for anthracite is at least an order of magnitude 
higher. 





. [5] 


The recoverable component o/E, is the instantaneous strain occurring in 
the spring E, and the recoverable component (o/E,) [1 — exp (—+E,/n,)] is 
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due to the closing of the spring E, against the action of the dashpot 7 ,. The 
true static modulus E£, is given by 


1/E, = 1/E, + 1/Es ae. aa 


and may be obtained by measuring the total recoverable strain, which is 
given by the intercept of the linear portion of the curve on the strain axis. 


ls 


Figure 2. Burgers mcdel illustrating the 
behaviour of viscoelastic materials 


72 


In practice the strain is measured within a few seconds of the application 
of load, when the value is apparently steady. It can be seen from Figure 1 
that the measured strain will, in fact, be approximately 0-5 per cent lower 
than the total recoverable strain. It is clear, therefore, that neither of the 
viscous components will affect the measured modulus to any appreciable 
extent. 


Previous attempts to derive a value of Young’s modulus from stress/strain 
curves appear, however, to have met with but-limited success. C. E. LAWALL 
and C. T. HoLLAND®, H. HEywoop*, and D. W. PHILLIPs*® have reported 
that the graphs obtained have been continuously curved. There are several 
factors which may contribute to this non-linearity: 


(a) The process of bedding-down between the compression platens and the 
specimen would give rise to apparently high increments of strain, for given 
stress increments, at very low stresses. This effect can, however, be eliminated 
by measuring the strain between two points on the surface of the specimen, 
instead of between the platens; 


(b) The application of load would tend to close up suitably oriented cracks 
in the specimen, also giving rise to high apparent rates of strain at low stresses ; 


(c) The stress/strain curve would be influenced by partial or complete 
breakdown of the specimen, giving high rates of strain at high stresses. Both 
Barnsley Hards and anthracite, however, in common with all other coals 
tested in this laboratory, fail explosively under the conditions normally 
present in a compression test, so that the stress/strain curve obtained would 
not be affected. 
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Compression tests on } in. cubes 

The apparatus used for the compression of } in. cubes consists of a steel 
anvil and ram between which the specimen cube is compressed by means ou 
an engineer’s bench vice fitted with a reduction gear. The load applied tc the 
coal is measured by means of resistance strain-gauges fitted to the ram. The 
longitudinal strain in the specimen is determined from the change in capacity 
of an air condenser, one element of which is fixed to the anvil, the other 
being carried on the end of the ram. Prior to the experiments described 
below, this apparatus was fitted with an optical extensometer designed to 
measure the strain in a direction perpendicular to the applied load. 


A single layer of 24 cubes was cut from one lump of each type of coal, the 
layer lying parallel to the bedding plane. Each cube was tested in one of the 
following ways: 


(a) load applied perpendicular (|) to bedding plane, lateral strain measured 
parallel (||) to bedding plane; 


(6) load applied || to bedding plane, lateral strain measured || to bedding 
plane; 


(c) load applied || to bedding plane, lateral strain measured | to bedding 
plane. 


The graphs of stress against longitudinal strain, and lateral strain against 
longitudinal strain exhibited, in general, a curved initial portion, varying 
considerably from one cube to another, followed in almost every case by a 
substantially linear relationship which persisted up to the point at which 
failure of the specimen was imminent. Young’s modulus and Poisson’s ratio 
were determined from the linear portions of the curves, the mean values 
being given in Tables 5 and 6 respectively. 


Table 5. Young’s modulus—4 in. cubes 





| | 
| 
Young’s modulus | Standard error 








ae Direction | Number of | Lng soap ae” 
Type of coal of stress | specimens | dy mie ss m1 
| } 3 
Perpendicular 
Barnsley Hards to bedding 8 | 3-77 | 0-25 
plane 
Barnsley Hards Parallel to 16 4:13 0:24 
bedding plane | 
Anthracite Perpendicular 
to bedding 8 | 4-61 0:37 
plane 
Anthracite Parallel to | 16 4-43 0-20 
bedding plane | | 





The scatter in the measured values of Poisson’s ratio in compression is 
too large to show a significant dependence on the orientation of the specimen 
(see Table 6). The values obtained from individual cubes were frequently 
greater than 0-5, and for three anthracite cubes, greater than unity. If the 
coal is anisotropic, values greater than 0-5 can, of course, be obtained, but 


a 209 





W. T. A. MORGANS AND N. B. TERRY 





the latter three determinations are obviously incorrect. It is well known that 
in the normal compression test a specimen does not deform under conditions 
of plane strain. Owing to friction at the platens the lateral expansion of the 
specimen occurs as a barrelling effect, and the usual method of measuring 
the deformation (i.e. midway between the platens) gives rise to high values 


Table 6. Poisson’s ratio—t in. cubes 





| | 
eee eee as | 
Direction in | Number of | Poisson’s | Standard 


Direction of which lateral 


Type of coal 





bedding plane _| bedding plane 


stress | atemhe de auamenate 4\ specimens | ratio | error 
Barnsley Hards | Perpendicular to Parallel to | 8 O41 0-02 
bedding plane __| bedding plane __i| 
Barnsley Hards | Parallel to | Parallel to 8 0:37 =| 0-03 
bedding plane | bedding plane | 
Barnsley Hards | Parallel to | Perpendicular to 8 044 | 007 
bedding plane | bedding plane 
Anthracite Perpendicular to | Parallel to | 8 | O48 | O11 
bedding plane | bedding plane | | | 
Anthracite Parallel to | Parallel to | 8 | 044 | 004 
bedding plane __| bedding plane__i| 
Anthracite Parallel to Perpendicular to | 8 | 0-50 | 0-14 
| 
| 





of Poisson’s ratio. L. N. G. Fiton™ has calculated that for an ideal material 
with completely restrained ends the error is about 5 per cent, but some rough 
experiments in this laboratory have shown that for some materials the errors 
are liable to be much greater than this—e.g. errors of over 30 per cent have 
been observed with cubes of india-rubber. 


Compression tests on 14 in. cubes 

Compression tests on 1} in. cubes were carried out in a 10-ton hydraulic 
testing machine, the longitudinal strain being measured between two points 
on the side of the specimen by means of an optical extensometer, similar in 
principle to the Lamb roller extensometer'*. The lateral strain was not 
measured. 


Ten cubes were cut from a single 5 in. lump of Barnsley Hards coal, 
eleven cubes from a somewhat larger lump of anthracite. Each cube was 
loaded in each of the three possible directions in turn, the order in which 
the directions were chosen for any particular specimen being determined 
cyclically. The maximum load applied was well below that at which fracture 
would have been expected. A typical example of the stress/strain curve 
obtained from two cycles of loading and unloading is given in Figure 3. The 
mean values obtained for Young’s modulus are given in Table 7. 


It would appear that the only significant influence on the stress/strain 
curve is that due to the closing up of the effective cracks in the specimen as 
the load is increased, and the initial curvature of the graphs is therefore 
attributed to this effect. Moreover, the intercept on the strain axis of the 
extrapolated linear portion of the graph may be considered as a measure of 
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the open cracks and/or layers of very soft material in the specimen. The 
mean values of these intercepts are shown in Table 8. 


For both coals the value of the strain intercept for compression perpen- 
dicular to the bedding plane is significantly greater than that for compression 
parallel to the bedding plane. It should, however, be emphasized that neither 
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Figure 3. Typical stress/strain curves for a cube of Barnsley Hards 
coal in compression 


of these coals exhibits extensive cleating. In a similar series of tests on a 
heavily cleated coal (Deep Duffryn, Gellideg seam) the strain intercept for 
parallel loading was significantly greater than that for perpendicular loading. 


It might be expected that in a very extensively cracked coal the com- 
pressive strength may be so low that the coal would fail before all the cracks 
were closed, thus giving a continuously curved stress/strain relationship up 
to the fracture point. This effect has in fact been observed during recent tests 


211 





W. T. A. MORGANS AND N. B. TERRY 





Table 7. Young’s modulus—1} in. cubes 








ile Young’s modulus | Standard error 
Direction Number of 2 sate 
Type of coal of stress | specimens dy ye | age ma 
Barnsley Hards | Perpendicular to | 10 2-70 0-08 
bedding plane 
Barnsley Hards Parallel to 20 3-35 0-09 
| bedding plane 
Anthracite | Perpendicular to | 11 3°77 0-16 
| bedding plane | 
Anthracite | Parallel to 22 4-04 0-19 
bedding plane 











Table 8. Strain intercepts—1} in. cubes 





| | 
| 





Direction of Number of | Strain intercept Standard error 
Type of coal stress | Specimens | we a x 108 
Barnsley Hards | Perpendicular to | 10 1-57 | 0-15 
bedding plane | 
Barnsley Hards | Parallel to 20 0-30 0-09 
| bedding plane 
Anthracite | Perpendicular to | 11 0-70 0-15 
bedding plane | 
Anthracite Parallel to 22 0-32 0-10 
bedding plane 





on one of the most friable of British coals (Oakdale, Meadow seam) but it 
is likely to be exceptional, at any rate in this country. 


STATIC BENDING TESTS 

Preliminary considerations 

Previously published values of Young’s modulus in bending are confined to 
those reported by K. INouyE*, who investigated the behaviour of rectangular 
strips of Japanese and American coals supported on wedges near the ends 
and loaded at the centre. The strain in the coal was calculated from the 
slope of the ends of the deformed specimens. The stress/strain relationship 
obtained was continuously curved and, when the incremental loads were 
removed after noting the total strain, the specimen did not return to its 
original position. It was suggested that appreciable plastic flow was occurring 
(at high loads almost 50 per cent of the total strain observed), and that the 
‘true elastic strain’ was in fact the difference between the total measured 
strain and the residual or ‘plastic’ strain. The relationship between stress and 
the ‘elastic strain’ was very closely linear. 


The occurrence of such a large ‘plastic’ deformation at ordinary room 
temperatures is not, however, substantiated by recent work carried out in 
these laboratories on British coals!” 18, which has shown that the strain/time 
relationship for a strip of Barnsley Hards subjected to a constant bending 
moment is similar in shape to the curve shown in Figure /. The creep viscosity 
in bending is again found to be about 10'* poises so that the irrecoverable 
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strain produced during the time of a typical bending test would be negligible; 
it must, therefore, be assumed that either the coals used by Inouye have very 
much lower creep viscosities than Barnsley Hards, or that the ‘plastic strains’ 
observed were, in fact, due to the propagation of gross cracks under tension. 


For Barnsley Hards the delayed elastic strain in bending, however, takes 
several days to approach its maximum value, and the strain observed a few 
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SS 


, e First cycle loading 
jf x First cycle unloading 


2 pf o Second cycle loading 
xe 
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Figure 4. Typical stress/strain curves for a thin strip of 
Barnsley Hards coal subjected to a bending test 











seconds after loading is about 5 per cent less than the total recoverable strain. 
The modulus determined from the slope of the stress/strain curve in bending, 
therefore, is about 5 per cent higher than the true static modulus. 


Experimental work 

Owing to the difficulty of preparing, from single blocks of coal, large numbers 
of strips lying perpendicular to the bedding plane, tests have so far been 
restricted to specimens lying parallel to this plane. 

Several series of tests have been carried out on strips of both Barnsley 
Hards and anthracite using an apparatus which had been designed primarily 
for measuring the tensile strength of coal, and is described in detail else- 
where!®. It provides for the application of a uniform bending moment over 
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the centre portion of the strip, the strain in the specimen being measured by 
means of an optical extensometer which indicates the deflection of the centre 
of the specimen from its initial, unstrained position. Simple beam theory was 
used to determine the corresponding values of stress and strain. Specimen 
stress/strain curves are shown in Figure 4. The mean values of Young’s 
modulus (parallel to the bedding plane) obtained from a typical series of 
tests on each coal are given in Table 9. 


Table 9. Young’s modulus parallel to the bedding plane—bending tests on strips 0-1 in. thick 





Width of Number of Young’s modulus | Standard error 








Type of coal specimen, in. specimens | dyne/cm® x 10-'° | dyne/cm® x 10—}° 
0-09 8 3-38 0-14 
0-15 8 3-21 0-13 
0-25 8 3-42 0-18 
Barnsley Hards 0-40 8 3-38 0-15 
0-60 6 3-39 0-21 
0-90 6 3-26 0-15 
1-25 8 3-48 0-17 
Anthracite 0-50 12 4-69 0-20 





Estimates of Poisson’s ratio in tension were made using resistance strain- 
gauges to measure the longitudinal and lateral surface strains in strips of 
coal during test. Only three specimens of each coal were tested in this way, 
the values obtained (for o,,) being 0-37, 0-32 and 0-38 for Barnsley Hards, 
and 0-24, 0-32 and 0-27 for anthracite; these values are markedly lower than 
those obtained from compression tests. 


It would be expected that any cracks lying at an angle to an applied tensile 
stress would tend to open, thus giving rise to a high apparent strain and 
correspondingly low values for Young’s modulus and Poisson’s ratio. For 
the two coals tested, however, the values of Young’s modulus in bending 
agree closely with those in compression. The error in measuring the tensile 
strain cannot, therefore, be very large, and the true values of Poisson’s ratio 
must be close to those given above. 


COMPARISON OF STATIC AND DYNAMIC MODULI 
A summary of the values obtained for Young’s modulus is given in Table 10. 


The differences between the static values and the corresponding dynamic 
values are comparatively small, and it is interesting that where these differences 
are statistically significant the static modulus is always lower than the 
dynamic modulus. 


In order to determine the difference more precisely a set of strips of 
Barnsley Hards (cross section 0-25 in. x 0-12 in.) was prepared and tested 
by both the dynamic and the static bending techniques. The results obtained 
are given in Table 11. 


A brass strip of similar dimensions gave values of 9-76 x 10" and 9-83 x 
10"! dyne/cm? for the dynamic modulus and the static modulus respectively. 
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The only other static and dynamic measurements carried out on the same 
types of coal are those reported by K. INouYE?, who has determined Young’s 
modulus for a number of American and Japanese coals. For the dynamic 
measurements prisms of rectangular cross section were excited into lateral 
vibration at frequencies in the kilocycle range and values were obtained of 


Table 10. Young’s modulus—comparison of static and dynamic results 





Young’s modulus dyne/cm® x 10-1 











| Standard 
Type of | Direction | Compres- | Compres- | Bend- ag error 
coal of stress Dynamic sion of | sion of in pos A | dyne/cm? 
‘technique! hin. | Ishin. | p 4 ‘epee x 19-10 
| cubes | cubes | — 
(| 403 | | 9 | os 
Parallel to | | 413 | 16 | 0-24 
bedding plane °) | 3-35 | | 20 | 0-06 
Barnsley | 3:36 | 52 | 0-09 
Hards | Perpendicular (| 3-27 6 0-08 
to bedding 1: eae 8 0-25 
plane 2-70 10 0-07 
| 5$-42 10 0-07 
Parallel to | 4-43 16 | 0-20 
bedding plane | 4-04 | 0-13 
Anthra- 469 12 0-20 
cite Perpendicular (| 459 | 11 | 0-08 
to bedding | 461 | 8 | 0-37 
plane 3-77 11 | 0-16 


| 





a similar order to those described here. The static moduli were determined 
from bending tests on the same specimens, and the values obtained were, in 
general, roughly an order of magnitude lower than the dynamic values. 
K. INouye?® attributes this difference to the ‘plastic’ behaviour of the coal. 
It is clear, however, that for cracked coals, such as were used by Inouye, 
the effective thickness of the specimen would be somewhat less than the 


Table 11. Young’s modulus parallel to the bedding plane—comparison of dynamic moduli and 
moduli in bending 

















Specimen Dynamic modulus | Static modulus | Ratio: Dynamic modulus 
No. dyne/cm? x 10-© | dynejcm® x 10-18 | "49° ~Siatic modulus 
1 3-99 3-47 1-15 
2 4-03 3-14 1-28 
3 3-85 3-18 1-21 
4 3-99 3-36 1:19 
5 4-08 3-31 | 1-23 
6 4-08 3-34 1-22 
7 3-90 2-96 | 1-32 
8 4-08 3-00 1-36 
9 3-94 3-07 1-28 
10 4-13 3-14 1-31 
Mean 4-01 3-20 1-25 
standard 
error 0-03 0-05 —_ 
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measured thickness and since the expression for calculating Young’s modulus 
involves the cube of this dimension a small degree of cracking would give 
rise to comparatively large errors in the measured modulus. 


It is interesting, however, that H. HONDA and Y. SANADA”’, also using 
Japanese coals, have attempted to derive values for the static modulus from 
the results of indentation hardness tests and have obtained values which are 
of the same order of magnitude as those reported by Inouye. 


The present results suggest that although the differences between the static 
and dynamic moduli of British coals are very much smaller than those 
obtained by Inouye, for Japanese and American coals, they are nevertheless 
appreciable and it is worth considering them in more detail. 


Dynamic techniques employ high rates of loading so that the amount of 
delayed elastic strain involved is very small. At kilocycle frequencies the 
value obtained for the modulus is in fact very close to E, (see Figure 2), and 
by equation 2 will always be higher than the static modulus £,. 


The observed discrepancy between the static and dynamic moduli of 
Barnsley Hards is of the order of 20 per cent, and while much of this may 
be attributed to the viscoelastic nature of coal it is likely that other contri- 
buting factors may be found. Possibly the most important of these is the 
presence of large numbers of discontinuities in the coal substance. 


It is very probable that the elastic properties of the basic coal material 
are considerably different from those of the bulk coal or its various layered 
components. Measurement of the elastic moduli of the basic coal material 
is experimentally very difficult. D. H. BANGHAM and F. A. P. MAGGs! have, 
in fact, attempted this, making use of the fact that the adsorption of a liquid 
(methanol) by coal results in a swelling of the latter which is proportional 
to the area of contact between liquid and solid, and which is resisted by 
elastic forces within the coal. The values they obtained for various coals 
ranged from 4-1 x 10* dyne/cm? to 5-8 x 10!° dyne/cm?, but should be 
treated with some reserve since the method requires an estimation of the 
distribution of surface area within the coal. 


K. INouye* has suggested that the values of the elastic moduli of the bulk 
material are dependent upon the amount of mineral ‘ash’ dispersed in the 
coal; that is to say, the dispersed mineral particles behave as a ‘filler’ in the 
matrix of the basic coal substance. Since the mineral fillers have higher 
elastic moduli than the coal, the moduli of the bulk coal would be expected 
to increase as the dispersed mineral content increased—in fact, Inouye claims 
to have established a linear relationship between Young’s modulus and the 
percentage by volume of mineral ‘ash’. 


It is likely, however, that the microscopic cracks and capillaries also play 
an important role in determining the elastic behaviour of the bulk coal. 
From this viewpoint the coal can be considered as having a structure bearing 
a resemblance to that of a sponge consisting of the basic coal material 
interspersed with fine cracks and pores. The resulting reduction in the 
apparent moduli would vary considerably from one coal to another and 
might well mask the increase due to the mineral content. In view of the lack 
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of knowledge of the distribution of cracks and mineral deposits, the relation- 
ship between the moduli of the bulk coal and those of the basic material 
cannot at present be estimated. 


It is, however, clear that in general the effect of the discontinuities will be 
different for dynamic methods of measurement than for static methods. The 
dynamic method consists essentially of measuring the frequency of a vibrating 
specimen, which is in effect a timing of the transit of elastic waves through 
the material. Since the velocity of the elastic wave in the coal is much greater 
than that in air, the transit time is largely determined by the path of the 
elastic waves travelling in the coal substance itself. The path will be increased 
by the presence of a crack system, and the measured velocity (and conse- 
quently the derived value of the elastic modulus) will be lowered. 


The error introduced into the static measurements, on the other hand, is 
due to different mechanisms. Attention has already been drawn to the fact 
that the initial curvature observed in the stress/strain curves for cubes in 
compression suggests the closing of cracks. There is a likelihood, however, 
that even over the linear portion of the stress/strain curve, the cracks are, 
in some cases at least, only partially closed, and behave subsequently in 
a springlike manner, maintaining a linear relationship between stress and 
strain. The deformations would, however, be larger than would be the case 
if the cracks had closed completely, so that a low value of Young’s modulus 
would be estimated. Moreover, because of the porous nature of the material, 
the stresses actually supported by the framework of the coal substance would 
be higher than those estimated by dividing the load by the apparent cross 
section. The under-estimation of the true static stresses involved would lead 
to an under-estimation of the Young’s modulus. 


APPENDIX 
The apparent Young’s modulus of a laminated material 
Consider a unit cube composed of n layers of thicknesses a,, ds, G3, .. - Qn 
and with Young’s moduli £,, E2, Es, .. . E,, respectively. If a compressive 
load P is applied perpendicular to the ‘bedding plane’ then, assuming the 
conditions of plane strain to be fulfilled, the total compression will be 


= (P a,/E,) 
so that the apparent Young’s modulus (£,) of the cube will be given by 
E, = 1/2 (@/E,) 


For a similar load applied parallel to the ‘bedding plane’, if the strain 
common to all layers is e, then 


P= Ee a,E, 
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and the apparent Young’s modulus E, will be given by 


E Ey is ea gy ee Ms 


E ara, (E,/E, + E,/E,) 


(E, ray Ey - 2E.E, 
E,E, 


But (E, — E,)? must be > 0. Therefore the expression in square brackets 
must be > 2, i.e. 


n n 
and, since a unit cube is specified, 2a, and = a, are both equal to unity. It 


follows, therefore, that E, will be greater than E, except where E, is always 
equal to &,, i.e. when the value of Young’s modulus is the same for all 
layers. Moreover, it is easily seen that the magnitude of this difference will 
depend on the scatter of the values of the modulus corresponding to the 
different layers. The above argument can be applied also to tensile stresses 
provided that the tensile properties of the material are not unduly influenced 
by discontinuities such as cracks. 


The authors are indebted to Mr R. L. Bond of B.C.U.R.A. for the determina- 
tion of the densities of the coals used in this investigation. 


This paper forms part of the programme of research of the Mining Research 
Establishment and is published by permission of Dr W. Idris Jones, Director- 
General of Research in the Scientific Department of the National Coal Board. 
The views expressed are those of the authors, and not necessarily those of the 
Board. , 


National Coal Board, 
Mining Research Establishment, 
Isleworth, Middlesex 
(Received November 1957) 
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Polyelectrolytic Behaviour of Humic Acids 


P. N. MUKHERJEE and A. LAHIRI 





The physicochemical properties of the alkali salts of humic acids from coal have been investi- 

gated. From an examination of viscosity, salt effect, and conductivity characteristics of 

solutions of the salts it is concluded that they may be classified as polyelectrolytes. From 

a study of the relative effects of the functional groups (—OH and —COOH) on its poly- 

electrolytic behaviour, it is concluded that the groups are not evenly distributed in the humic 

acid molecules and that the presence of either of the groups alone cannot account for the 
polyelectrolytic behaviour of the salts. 





IN an earlier communication’, it was pointed out that the alkali salts of humic 
acids exhibit the properties of typical polyelectrolytes. These studies were 
confined to the rheological properties in water and neutral salt solutions. In 
the present paper, an extension of the work is presented together with a study 
of the role of functional groups on flow properties of the alkali salts of 
humic acids. 


EXPERIMENTAL 
Material 
A sample of low rank coal (C = 80 per cent) was oxidized in air at 200°C 
for 200 hours. The humic acids were isolated by extraction with boiling 
normal caustic soda solution followed by acidification with hydrochloric 
acid. They were purified by dialysis. Yield was about 95 per cent. 


Elemental analysis—C 63-97, H 2-07, N 2-72, S 0-30 per cent. 
O (by difference) = 30-94 per cent. 


Equivalent weight = 150-7. Basicity = 3-52. Molecular wt = 530-4. 
Oxygen as —COOH = 12-90 per cent; oxygen as —OH = 4:15 per cent; 


oxygen as \co = 4-2 per cent. 
e, 

The alkali salts of humic acids were prepared by treating the acids with 
stoichiometric proportions of caustic potash followed by precipitation with an 
excess of absolute alcohol. The salts were washed free of alkali with 85 
per cent alcohol and finally dried in vacuo at 50°C. In purifying the alkali 
salts of humic acids by dialysis, it was observed that unlike colloids they 
pass through the parchment bags. Aqueous solutions of these salts, it was 
further observed, were good media for the growth of moulds. 


Measurement of viscosity 

The viscosity measurements of the solutions were carried out with an Ostwald 
viscometer having a flow time of 170 seconds with distilled water at 35-10° 
+ 0-01°C. 
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Measurement of conductance 

Conductance was measured on a direct reading bridge with a cathode ray 
indicator to detect the null point. The measurements were made at a frequency 
of 1 ke/s, using a built-in oscillator. 


Preparation of salts 

In order to investigate the effect of the different functional groups of humic 
acids on the flow properties, two types of alkali salts were prepared by the 
following method. 


In one case, the usual alkali salts of humic acids were suspended in 
85 per cent alcohol and carbon dioxide gas was bubbled through it with 
frequent stirring for one hour. The reaction is indicated by the following 
equation 


00K /£00K 
Hum + CO, + H,O0 > Hum + K,CO, 
\OK 


\oH 


In the other case, humic acids were decarboxylated by treating them with 
anhydrous copper sulphate and quinoline®. The product was subsequently 
freed from copper sulphate and quinoline and then treated with caustic 
potash. The reactions are as follows: 


N 


COOH AW, 
"4 + CuSO, + a ) 
\OH ANS 

> Hen~OR SE. 


H _. Hum—OK + H,O 


Hum 


The details of the methods have been discussed elsewhere’. 


RESULTS 

The viscosity of potassium humate solutions was measured at different 
dilutions at 35-0° + 0-01°C, in water and water—dioxane mixtures (4: 1) 
and the calculated values of reduced viscosity y,,/c, (where ,» = 7/M. — 1, 
n and » being the viscosity of the solution and solvent respectively) are 
presented in Figure 1]. The measurement of the viscosity of the solution at 
different concentrations of potassium humates was done at constant potassium 
chloride concentration and the results are presented in Figure 2. 


The conductance of the potassium humate solutions was measured at 
different dilutions in water as well as in potassium chloride solution at a 
constant concentration and the results are recorded in Table /. The calculated 
values of equivalent conductance as well as those of the specific conductance 
in potassium chloride solution are also shown in the same table. The deviations 
from the theoretical values of specific conductance are also shown as per- 
centage variation in this table. The variations in the equivalent conductance 
of potassium humate solutions at different dilutions are presented in 
Figure 3. 
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The viscosity of the solution of the potassium salt of humic acids, which 
COOK ; 
contained free OH groups (Hum ) was measured at different 


dilutions at 35° + 0-01°C and the r~~lts are presented in Figure 4. 
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Figure 3. Variation of equivalent 
conductance of potassium humate 
solutions at different dilutions 
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The alkali salts of decarboxylated humic acids were found to be com- 
pletely insoluble in water and hence their flow properties could not be 
investigated. 


DISCUSSION 

Viscosity and concentration 

The two curves at the top in Figure 1 show a rapid rise in reduced viscosity 
with diminishing concentration of potassium humate in water solution. As 
has already been mentioned, this is a property characteristic of polyelectro- 
lytes and this behaviour may be attributed to the increased electrolytic 
dissociation brought about by dilution‘. 


It is significant that although the same stock solution was employed to 
study the viscosity/concentration relationship of the alkali salts of humic 
acids in water, there was appreciable divergence between the two curves. The 
probable reason is that for one, the degree of neutralization of the acids is 
less than for the other with the consequent difference in the degree of ioniza- 
tion and extension of the molecules: the degree of neutralization is likely to 
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be affected by the absorption of carbon dioxide by the solution. The reactions 
may be expressed as follows 


COOK COOK 
‘a + CO,+ H,O—> Hon / 
NOK OH 


Hum + K,CO, 


‘. 


The undissociated —OH groups coupled with the common ion effect due 
to the presence of potassium carbonate in solution may account for the 
divergence between the curves. These explanations are supported by the fact 
that with storage, the viscosity of the solution goes on diminishing progres- 
sively. Growth of moulds in solution may be another factor responsible for 
the deviation. 


From the bottom curves in Figure 1, which show the viscosity/concentra- 
tion relationship in water—dioxane mixtures, it will be seen that there is 
appreciable depression of the reduced viscosity of potassium humate solution. 


The dependence of viscosity on the dielectric constant of the medium 
(e = 62:8 for water-dioxane mixture in the ratio of 4 : 1) is to be anticipated 
since coulombic repulsion is affected by the dielectric constant and conse- 
quently the extent of coiling—uncoiling of the polymer will also be affected. 


Viscosity and added electrolyte 

From Figure 2, it will be seen that the addition of an electrolyte having a 
common ion has a marked effect on the reduced viscosity of the solution. 
The addition of such electrolytes results in a decrease in the degree of dissocia- 
tion of the polymer salts, due to the common ion effect. If the concentration of 
common ion from the added electrolyte exceeds that from the polymer salt 
there is almost total suppression of the dissociation of the polymer salt and 
the curves resemble those of a neutral polymer. This explains the two bottom 
curves. Confining attention to the top curve in Figure 2, it is observed that 
there is a well defined maximum in the curve, where the concentration of K* 
from potassium humate is higher than that of K+ from potassium chloride, 
assuming complete dissociation in both cases. At the maximum in the curve 
which should theoretically correspond to the equivalence point, the con- 
centration of K+ from potassium chloride is equal to 2-026 x 10-* gions/l., 
whereas the goncentration of K+ from potassium humate is equal to 
2-212 x 10-* gions/l. The shift of the maximum towards the higher side with 
respect to potassium humate is significant. The two types of acid groups in 
humic acids having different dissociation constants are probably responsible 
for the observed discrepancy. At any particular dilution, the degree of 
dissociation of the —COOK and —OK groups will not be identical; and to 
take a specific example the dilution required to keep all the —COOK groups 
fully dissociated will find a part of —OK groups in the undissociated stage. 
Also, due to the common ion effect, the K+ dissociated from —COOK will 
depress the dissociation of the —OK groups. The sum total of these effects 
will be reflected in the shift of the maximum to the higher side. 


The phenomenon may, however, be examined from a different angle. 
Calculation® shows that a small net charge—less than one electronic charge 
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per ten units—should be sufficient to open up the molecules to a configuration 
approaching full extension. Therefore if a large fraction of the units bears 
ionic groups, i.e. if the molecule as a whole bears a high charge density, the 
molecules may be expected to approach full extension long before they are 
fully dissociated. Under these conditions if an electrolyte having a common 
ion is added, the amount needed to depress completely the dissociation of the 
polyelectrolyte will be appreciably less than that required theoretically, if all 
the dissociable groups in the ionic polymer were dissociated. 


Conductance 

The conductance characteristics of the humic acid salts are shown in Figure 3, 
where the A versus +/c curve is found to be hyperbolic in nature. For strong 
electrolytes the relation between A and 1/c is linear and for colloidal electro- 
lytes A tends to approach a limiting value at low concentrations. Hence the 
polyelectrolytes exhibit conductance characteristics which are shared neither 
by strong electrolytes nor by colloidal electrolytes. 


From Table 1, it will be seen that in the beginning there is a slow rise in 
the value of equivalent conductance with the progressive dilution of the 
humic acid salts. Towards the end, in the very dilute range, it increases 
rapidly. 


The conductance of a solution depends on the charge, number and mobility 
of the ions present and in the case of systems like humic acid salts, which are 
essentially anionic polyelectrolytes, the conductance will be primarily 
determined by the number of unpaired potassium ions present at any 
particular dilution. 


At moderate concentration, the degree of association of K+ with charged 
polymer residue will not. be appreciably affected by dilution and as a result 
the conductance will rise only slowly. At higher dilutions, however, the K* 
will escape more easily from the sphere of influence of the charged polymer 
residue and contribute their share to the overall conductance of the system. 


That the above picture is at least qualitatively true is supported from the 
results of conductance measurements on the mixture of polyelectrolyte and 
simple electrolytes. The sum of the conductances of the individual electrolytes 
is found (vide Table 1) to be greater than the conductance of the mixture. 
When two simple electrolytes are mixed, it may be pointed out that the 
conductivity of the mixture is very nearly equal to the sum of the conduc- 
tivities of the individual components, provided the solution is dilute*. Here 
the progressive fall in the percentage deviation suggests that the above 
contentions are essentially true. 


Effect of functional groups 

Figure 4 shows the effect of dilution on the reduced viscosity of the potassium 
salt of humic acids, where the —COOH groups occur in the form of potassium 
salts whereas the —OH groups remain free. The —OH groups, being feebly 
acidic, are not likely to undergo dissociation to any appreciable extent. 
Therefore the major effect of dilution will be to bring about a progressive 
dissociation of —COOK groups. From the curve, it is apparent that —COOK 
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groups alone do not contribute anything so far as polyelectrolytic behaviour 
of the salts is concerned. 


An estimation of the relative distribution of —OH and —COOH groups 
in humic acids by a chemical method’ showed that the ratio COOH : OH 
groups varies from 2: 1 to 1 : 1. On the basis of the numbers of —COOH 
groups present it appears surprising that they do not have any significant 
effect on the polyelectrolytic behaviour of the acids. The uneven distribution 
of —COOH groups along the polymer chain may possibly explain this 
apparent anomaly. 


CONCLUSIONS 


From the foregoing discussion it is obvious that humic acids in solution 
exhibit the characteristics typical of polyelectrolytes. Also it is known that 
the presence in the molecule of a long chain having ionizable groups distri- 
buted along the chain is essential for a compound to behave as a poly- 
electrolyte. This may, therefore, be taken as prima facie evidence to suggest 
that humic acids in solution consist of long chain molecules. But for humic 
acids which are derived from coal which is known to consist of condensed 
aromatic units having short side groups attached to the ring structure, it is 
difficult to visualize how long chains are developed during the course of the 
oxidation of coal. It may, however, be tentatively suggested that in solution 
the humic acid units are linked together by associative forces, like hydrogen 
bonding, etc., thereby forming a chain-like polymeric structure. Such a con- 


clusion does not appear to be altogether unwarranted. That certain peculiar 
associative forces do operate in coal dispersion or humic acid solution finds 
support from numerous investigations® °. 


Central Fuel Research Institute, 
Jealgora, 
Bihar, India 
(Received September 1957) 
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Analysis of Low-temperature Tar Phenols 
Boiling up to 234°C 


C. Karr, Jr, P. M. Brown, Patricia A. Estep and 
G. L. HUMPHREY 





Low-temperature bituminous coal tar phenols boiling up to 234°C have been identified and 
quantitatively determined by gas-liquid partition chromatography. Chromatographic fractions 
were collected for micro i.r. analysis. These phenols were also determined by the conventional 
technique of fractional distillation, followed by i.r. analysis. Comparison of the two independent 
techniques was made, and fairly good agreement was obtained in the quantitative analysis of the 
bituminous coal tar phenols. Phenol, the three cresols, the six xylenols, the three ethylphenols, 
two ethylmethylphenols and two trimethylphenols were involved in the analyses. By the com- 
bination of retention times, i.r. analysis of fractions containing more than one phenol, and the 
peak areas a reasonably good analysis of a total tar acid mixture boiling up to 234°C can be 
obtained with gas-liquid partition chromatography without recourse to time-consuming 
procedures, such as fractional distillation. 





RECENT extensive characterization of the components of low-temperature 
tars has made it desirable to introduce newer methods of separation and 
analysis. A previous paper! described the identification and determination 


of low-boiling phenols in a low-temperature bituminous coal tar distillate 
by gas-liquid partition chromatography (GLPC). The present work involves 
extension of this technique to phenols boiling up to 234°C and the collection 
of gas-liquid partition ‘chromatographic fractions for micro infra-red (i.r.) 
analysis. 


EXPERIMENTAL 

Isolation of tar acids 

The tar used in this work was made from a West Virginia bituminous coal 
in a fluidized carbonization pilot plant at about 480° to 510°C. The raw tar 
was de-ashed, dehydrated and topped to about 175°C at the plant. The 
procedure for obtaining the tar distillate under very mild temperature con- 
ditions was described previously’. The equivalent temperature at atmospheric 
pressure was calculated to be about 350° to 360°C, with 20-8 weight per cent 
of the tar in the main distillate and less than 1 per cent collected in a dry ice 
trap. 

A Claisen alkali extraction was performed on both portions of distillate, 
following the procedure of E. O. WooLFOLK et al.*. The phenols extracted 
from the low-boiling portion represented about 0-08 weight per cent of the 
tar and were the subject of the preceding investigation. The phenols extracted 
from the main distillate represented 3-54 weight per cent of the tar. 


Distillation of tar acids 
The phenols recovered from the main tar distillate were fractionated in a 
Piros—Glover micro spinning band still. The charge was 35-66 g, and the 
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distillation was conducted at a pressure of 19-80 to 22:20 mm of mercury, 
with a reflux ratio of 20 : 1 and a boil-up rate of 33 to 54 ml/h. The reflux 
temperature was measured with an iron-constantan thermocouple and a 
model 8667 Leeds and Northrup potentiometer, using a water—ice mixture 
for the reference junction. The total amount distilled after 26-2 h was 77-79 
weight per cent. The results are shown in Figure J. The number of grammes 
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Figure 1. Fractionation of phenols from main tar distillate in spinning band 
still (by courtesy of the Bureau of Mines, U.S. Department of the Interior) 


of each phenol in each distillate fraction up to and including number 17 was 
determined by conventional i.r. spectrophotometry. Care was taken to select 
the most suitable analytical wavelength for each component in each fraction. 
For example, in the case of 2,4-xylenol it was necessary to use 13-95 microns 
in fractions 5, 6 and 7, 12:27 microns in fractions 8, 9 and 10, and 13-02 
microns in fractions 11 and 12. F. V. Fair and R. J. FRIEDRICH, however, 
show that, for their synthetic mixtures, one analytical wavelength suffices for 
a phenol*. The various analytical wavelengths used and the quantitative 
results are given in Table 1. Due to the unusually low proportion of phenol 
and o-cresol in the tar acids, these compounds could not be separated from 
the other phenols and the first four fractions are much more complex than 
in a typical tar acid distillation. This is reflected in the accuracy of the i.r. 
analysis, in particular for the cresols. 


GLPC of phenols boiling up to 234°C 

The mixture of tar acids boiling up to 234°C (that is, including 3-ethyl- 
5-methylphenol and 2,3,5-trimethylphenol) was fractionated in a Perkin- 
Elmer model 154 chromatographic apparatus. For this separation the total 


228 








SO Ne ee eee ee ee ee ee a a ee ee 








ANALYSIS OF LOW-TEMPERATURE TAR PHENOLS BOILING UP TO 234°C 





L-Ob 
(€2-6) 

0-ZE 

€-61 

Il 
("€Z-6) 

. 0 

jouajax -G*¢ 


0-67 
$-$7 
(81-01) 
0-9 
jounpuy-s 


0-S 
("20-71) 

O-LI 

8-€7Z 

I-11 
("20-71) 

L:9 

jouaydjAyiq-d 


jouaja X-9'7 


0-91 

€-87 
(“Ov-01) 

£-ve 


0-S 
(“Ov-01) 

0 
jouaydjAyjau 
“S1AYIT-E 

6-L 
(0-11) 
0-81 


0-77 
I-Il 
("40-11 
6:7 
jouaydjAyiq-w 


~— 


6 
0- 
(nZ¢- 
0 


josad 9-d 


( 


66 

Ls 
“g¢-11) 

611 


Z-LZ 
(160-€1) 
0-SZ 


0-SZ 
("g¢-11) 

£8 
JouaydjAyjau 

CYT 

ov 

O-SI 
(AL1-P1) 

Lg 
JouafaX -¢'Z 

8S 

8-SZ 
(7192-01) 

Py 


8-1 
evs 


josad Q-w 


MAN oo 


¥ 
8 
("6- 
Z 


8-LZ 
(196-6) 
8-87 


LSI 
(16-6) 

ov 
Joua4X -#'¢ 


9-7 
0-SI 

(7€0-01) 
PSI 


P-£€ 
1-€Z 
("¢0-01) 
8-71 
jouaa x -¢'Z 
rs 
Z€ 
LZ 
(“EI-b1) 
8-IP 
josad4j-O 


1-61 
6-rE 
(1197-6) 
£-v€ 


T-ZE 
(7197-6) 
L-8 
jouaydya ysouut iL 
é 3 


(ape 
1-02 


8-b7 

€-L€ 
(427-71) 

£€-L9 


0-8S 


jouajax- #7 
IL 
Z-£ 
L-01 
("L€-6) 
8-€1 
jouayd 








juad dad 1y431am ‘sjouayd 





l€-1 
90-1 


ve-1 
08-1 
v0-1 


Ov: 


3 
1y431a4y 


LI 
91 


SI 
vl 
€l 


4 
Il 


yy or 


Nos 


‘ON 
UONIDAT 











(syi3uajaavM jvI1)dJoUD aav Sasayjuasvd ul Sanjpa) ajojNsip 40] uimu Wodf sjouayd Jo suoljavaf ayoyusip fo sisAjouv pas-vAfu] *] ajqol 


229 








YUM 














C. KARR, JR, P. M. BROWN, PATRICIA A. ESTEP AND G. L. HUMPHREY 


mixture of tar acids was subjected to a preliminary vacuum distillation to 
remove most of the material boiling above approximately 240°C, since these 
phenols, starting with the indanols, had excessively long retention times that 
flattened their peaks enough to make them useless. A wide variety of 
stationary phases, inert supports, and operating conditions were studied in 
preliminary work. For example, tri-o-tolyl phosphate, di-n-decyl phthalate, 
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Figure 2. Chromatogram of phenols from main tar distillate (by courtesy of the Bureau 
of Mines, U.S. Department of the Interior) 


silicone greases, silicone oils, paraffin waxes, and polyethylenes were all 
examined for their efficiency in separating phenols. For the work reported 
here, a 4m column of }in. copper tubing packed with Johns—Manville C-22 
firebrick, 30 to 60 mesh, containing 34-7 weight per cent di-n-octyl phthalate, 
was used at 160°C, with a carrier-gas flow rate of 127 cm* helium per minute, 
measured at approximately 26°C and | atm, the column inlet pressure being 


Table 2. Comparison of relative retention times of tar phenols with times of pure compounds 





Peak Retention time Retention time 





No. relative to peak I Compound relative to phenol 
1 1-00 Phenol 1-00 
2 1-37 o-Cresol 1-32 
3 1-48 2,6-Xylenol 1-49 
4 , 170 m-Cresol 1-72 

p-Cresol 1-72 

5 2-00 o-Ethylphenol 2-04 

6 2:20 2,5-Xylenol 2:21 

2,4-Xylenol 2:27 

7 2-48 2,4,6-Trimethylphenol 2°45 

8 2-70 2,3-Xylenol 2:64 

p-Ethylphenol 2-69 

y 2-86 3,5-Xylenol 2:77 

2-n-Propylphenol 3-03 

10 3-28 3,4-Xylenol 3-29 

11 3-38 4-Ethyl-2-methylphenol 3-46 
12 3-59 Unknown* — 

13 4-42 2,3,5-Trimethylphenol 4-52 

3-Ethyl-5-methylphenol 4-60 





* Possibly 5-ethyl-2-methylphenol. 
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15 lb/in? gauge. The sample size was approximately 250 microlitres. The 
results are shown in Figure 2. Thirteen peaks, or shoulders on peaks, were 
obvious, indicating a minimum of thirteen phenols. The retention times of 
the substances producing these peaks, relative to peak 1, were determined 
and compared with the relative retention times of individual pure phenols 
under identical operating conditions. This comparison is shown in Table 2. 


A collecting system, based on one recently described‘, was used to advantage 
in identifying the components in peaks that were incompletely resolved. This 
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Figure 3. Fraction collector (by courtesy of the Bureau of Mines, 
U.S. Department of the Interior) 


+ 


system consisted of a short length of electrically heated, 4 in. stainless steel 
tubing leading from the thermal conductivity cell and connected to an 
electrically heated stainless steel sample block into which were screwed eight 
stainless steel capillaries. These capillaries were about 3 in. long and were 
threaded at one end to fit an i.r. microcell. In operation the capillaries were 
surrounded by powdered dry ice, with cork insulation placed between the 
heated block and the dry ice container. The capillaries were plugged with 
round-type toothpicks. When coltection of the material producing a portion 
of a peak was desired, the toothpick was removed from a capillary for the 
proper time interval. Figure 3 shows this collecting system. For analysis the 
capillary was screwed into the microcell, a drop or two of catbon disulphide 
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introduced at the top and forced down with nitrogen. Figure ¢ shows a su 
capillary in place in the microcell and solvent being introduced with a syringe 12 
and needle. As little as 0-5 mg of sample per capillary was adequate for i.r. fin 
analysis. In addition to collecting samples for i.r. analysis, it was found that, a) 
by collecting samples of about 5 mg, good molecular-weight determinations pe 








Figure 4. Fraction collection tube and micro i.r. cell 
(by courtesy of the Bureau of Mines, U.S. Depart- 
ment of the Interior) 


or melting-point determinations could also be made, thus extending the 
usefulness of this device. For example, during determination of the retention 
times of the individual pure phenols, samples of 2,4-xylenol and also 2,6- 
xylenol were collected. The sample of 2,4-xylenol was washed into the 
micro-boiler of an ebullioscopic molecular weight apparatus by suspending 
the capillary in the refluxing benzene. The weight of sample removed by 
washing was determined to be 5-637 mg, and the molecular weight was *Q 
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subsequently determined to be 119 as compared with the theoretical value of 
122. The capillary containing the sample of 2,6-xylenol was scraped with a 
fine wire to remove a small amount of white powder which was examined in 
a melting point apparatus having a low-power microscope. A sharp melting 
point of 45°C was obtained, the same value as that given in the literature®. 


By using the collecting system, followed by i.r. analysis, the identities of 
the phenols producing the various peaks were confirmed in nearly all instances. 
In particular, all of the phenols listed in Table 2, except 2-n-propylphenol, 
were shown beyond any doubt to be present in the same peaks indicated by the 
retention times of the individual pure phenols. This indicates that retention 
times of pure compounds could be used as the sole means of identification 
of the materials producing peaks, without introducing widespread errors. 
The material producing peak 8 appeared to contain m-ethylphenol in addition 
to the other phenols shown in Table 2. An authentic sample was not available 
for determining the retention time of the pure compound. The presence of 
2-n-propylphenol could not be definitely established, although the evidence 
was fairly good. This consisted of its ortho band at 13-33y in conjunction 
with the required boiling point. The unknown phenol was believed to be 
5-ethyl-2-methylphenol, but an authentic sample was not available for con- 
firmation. The material producing the first portion of peak 13 contained 
2,3,5-trimethylphenol and the last portion 3-ethyl-5-methylphenol, the peak 
being produced by a gradient composition of these two components. This 
phenomenon of a gradient composition was observed for other peaks 
produced by two or more components. It appeared unlikely that any peaks 
were due to azeotropic mixtures. 


Table 3. Comparison of i.r. and GLP chromatographic analysis of phenols from main tar 

















distillate 
Weight per cent in total tar acids 
Compound 
by i.r. analysis by GLPC 
Phenol 1-4 1-9 
o-Cresol 4 3 5-1 
m-Cresol f 
p-Cresol 59 14-6 11-8 
2,4-Xyleno. . t . 
2,5-Xylenol 39 13-6 128 
2,6-Xylenol 1:0 1-3 
o-Ethylphenol * 1-5 
m-Ethylphenol 2°5 
p-Ethylphenol 2°5 
2-n-Propylphenol * 12-2 10-9 
2,3-Xylenol 1-3 
3,5-Xylenol 5-9 
3,4-Xylenol 3-7 ; 
Unknown * 8-2 79 
4-Ethyl-2-methylphenol 45 
3-Ethyl-5-methylphenol 3-0 1-9 5-4 
2,3,5-Trimethylphenol 49 
2,4,6-Trimethylphenol * 1-4 





* Quantitative i.r. analysis not possible. 
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The areas under the peaks in Figure 2 were obtained by means of a plani- 
meter, and the weight percentages of phenols were calculated from these 
areas. Examination of synthetic blends showed that, for the phenols involved 
in this work, the areas were closely proportional to the grammes of phenols 
but not to the moles of phenols. Synthetic blends of the available pure 
phenols were also examined to test quantitative recoveries using peak areas, 
and to test the sample collecting system. It was found that determination of 
the areas under ill-defined peaks, such as 5, was aided by sketching in peak 6 
as it would probably look if it were an isolated peak, thus establishing a 
reasonable baseline for peak 5. The weight percentages of the phenols, on 
the basis of the total tar acids obtained from the main tar distillate, are 
presented in Table 3 at the right. Table 3 also contains, for the purpose of 
comparison, the weight percentages of these phenols obtained from the 
results of the i.r. analysis given in Table J. 


DISCUSSION 


It can be seen in Table 3 that fairly good agreement was obtained in the 
quantitative analysis of the bituminous coal tar phenols by the completely 
independent techniques of i.r. analysis and GLP chromatographic analysis. 
It should be emphasized that, although there are several phenols that cannot 
be completely resolved by GLPC, the quantities of the resolved phenols and 
the total quantities of the various combinations of unresolved phenols can 
be obtained with a much larger measure of assurance that they are correct 
than is frequently the case in i.r. analysis of distillate fractions. In the latter 
technique, no matter how efficient a distillation column one has, the many 
possible azeotropic systems that exist amongst phenols* smear most of them 
together. As an example, 2,4-xylenol (b.pt 210°C) has been shown to form 
an azeotrope with 2,4,6-trimethylphenol (b.pt 222°C), and the occurrence 
of 2,4-xylenol with 4-ethyl-2-methylphenol (b.pt 222°C) and 3,4-xylenol 
(b.pt 225°C) in distillate fractions 11 and 12 may be due to azeotropism. In 
addition, the choice of an appropriate analytical wavelength for each com- 
ponent is not always as easy as it may appear; as a general rule, when dealing 
with a mixture of homologues, a component in the range of about 10 per cent 
can be analysed only semi-quantitatively, and around 5 per cent or lower 
components are frequently missed altogether. On the other hand, in GLPC, 
certain phenols produce their own discrete peaks, which can be readily 
identified by retention time and of which the area is easily calculated for the 
quantitative analysis. As far as is known no azeotropes have ever been 
reported as occurring in GLPC. Symmetrical appearing peaks containing 
two components can be shown to have a gradient composition by collecting 
different portions of the peak and analysing for the two compounds by 
conventional methods. 


Two phenols, o-ethylphenol and 2,4,6-trimethylphenol, defied analysis by 
i.r. spectrophotometry owing to low concentrations in their respective 
distillate fractions, but were readily identified and analysed by GLPC. As 
previously explained, the i.r. analysis of the cresols was not as accurate as 
it would have been had the typical distillation fractionation been possible. 
This is shown in Table 3 in the comparison of the i.r. results with the more 
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reliable GLPC results. It can be seen that, by the combination of retention 
times, i.r. analysis of fractions containing more than one phenol, and the 
peak areas a reasonably good analysis of a total tar acid mixture boiling up 
to 234°C can be obtained with GLPC without recourse to time-consuming 
procedures, such as fractional distillation. This technique could be improved 
with respect to both time and the upper boiling limit of the phenols by 
operating the column at temperatures higher than those available during the 
course of the work described here. The analysis of phenols boiling above 
234°C will be described in a future paper. Two of these, 4-indanol and 
5-indanol, are listed in Table 1. 


This work was carried out in the Low-Temperature Tar Laboratory of the 
Branch of Bituminous Coal, Region V, Bureau of Mines, United States Depart- 
ment of the Interior, in cooperation with the Department of Chemistry, West 
Virginia University, Morgantown, West Virginia. 


U.S. Bureau of Mines, 
Morgantown, 
West Virginia 
(Received December 1957) 
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Recent Developments and Notes 





INDUSTRIAL CARBON AND GRAPHITE 

A conference organized by the Society of Chemical Industry on /ndustrial 
Carbon and Graphite was held in the William Beveridge Hall of the University 
of London, on 24 to 26 September 1957. It was attended by scientists from 
America, Australia, France, Germany, Holland, Italy, Japan, Norway, 
Poland, Sweden and the U.S.S.R. Sixty six papers were presented in seven 
sessions: (i) introduction and physical properties, (ii) manufacture of carbon 
and graphite, (iii) crystal structure of carbon and graphite, (iv) surface chemi- 
cal properties and reactivity, (v) electrical behaviour and applications, (vi) 
graphite in the nuclear power industry, and (vii) mechanical, chemical and 
metallurgical applications. The introductory lecture was given by H. K. 
CAMERON, of the General Electric Co. Ltd, who was the chairman of the 
committee which organized the conference. Professor S. MROzOwsKI, of 
the University of Buffalo, was specially invited to give an opening paper as 
a background for the several basic papers in the first session. His subject 
was The Nature of Artificial Carbons. 


It is expected that the papers and discussions will be published in the 
course of the next few months. One paper presented to the conference is 
referred to below and another was mentioned on page 99 of the January 1958 
issue of Fue] where it is regretted it inadvertently appeared without full 
source details. 


CAPILLARY STRUCTURE OF COALS AND CHARS 

R. L. Bonpb and D. H. T. Spencer, of the British Coal Utilisation Research 
Association, presented a paper to the conference on /ndustrial Carbon and 
Graphite (see above) dealing with their work on the ultrafine capillary 
structure of coals and carbonized coals. Adsorption, heat of wetting and 
true and apparent density measurements, at room temperature, have been 
made with a number of permanent gases, organic vapours and liquids, to 
examine the molecular sieve behaviour of a low and a high rank coal and the 
chars produced by their carbonization at different temperatures up to 
1 100°C. 


Much of the internal free volume and most of the large internal surface 
area in these coals are distributed in capillaries that lie behind constrictions 
that have widths about the critical values of approximately 5 and 8 A. 
Penetration into the coals carbonized to 900°C of small molecules such as 
those of methyl alcohol, argon or krypton is impeded, and when the 
carbonization temperature is raised to 1100°C, only very small mole- 
cules, helium, neon and hydrogen, are able in a practical length of time 
to reach the internal structure, although this still possesses a large surface 
area. A steady decrease thus occurs in the widths of the capillary con- 
strictions associated with the internal structure as the carbonization tem- 
perature is raised. 
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UNDERGROUND GASIFICATION OF COAL 


The Minister of Power has recently given permission to the Central Electricity 
Generating Board to construct a pilot power plant at Newman Spinney, near 
Chesterfield, Derbyshire, which is to be operated by gas from the under- 
ground gasification of coal. The experimental work at this site of originally 
about 23 acres was begun in 1949 and conducted up to mid-1956 by the 
Ministry of Fuel and Power. The National Coal Board then became respon- 
sible for further work until March 1957 when Humphreys and Glasgow Ltd 
became the contractors for the construction of a pilot scale gasification plant 
up to the gas inlet to the C.E.G.B. power station, the further experimental and 
development work required and the preparation of designs for a 60 MW 
commercial scale gasification plant. A further 50 acres have recently been 
acquired as an extension of the original site. Additional facilities have been 
provided at the nearby Oxcroft Colliery for experimental work on directional 
drilling of boreholes in the coal seam. 


In the earlier work it had been confirmed that when air is blown through a 
burning coal seam it is converted into a low-grade producer gas which can be 
brought up to the surface. The calorific value of the gas is generally below 
100 B.Th.U./ft*, but it is combustible. The efficiency of the process is about 
55 per cent, as calorific value, based on the coal gasified. The main experi- 
mental effort from 1949 to 1953 was directed towards developing a technique 
applied from the surface in order to open up passages for air and gas in the 
coal seam. Methods using either high-pressure linkage between vertical 
boreholes or electro-linkage were found not to be satisfactory. Eventually 
a successful system was found which was based on multiple reactions in 
simultaneous operation rather than on a single giant reaction which had been 
more usual in investigations in some other countries, but there remained the 
problem of providing at tow cost satisfactory passages for the reaction in the 
coal. In 1953 the terms of reference were relaxed to the extent of permitting 
the preparatory work to be carried out by men working underground. This 
enabled the more positive method of borehole drilling into the coal from 
galleries at coal level to be used to create the passages to be gasified. 


The pilot scale gasification plant now to be constructed using the ‘blind 
borehole’ technique is designed to produce enough gas to generate approxi- 
mately 5 MW of electricity by means of a conventional steam turbine and 
alternator. Five gasification sections have been fixed; each will have a 
concrete lined shaft, 8 ft in diameter, going down to the selected coal seam. 
From this shaft a gallery 100 yards long will be driven into the coal seam and 
from either side of this gallery boreholes 100 yards long will be drilled into 
the coal seam at 10 yard intervals. The twenty boreholes will thus cover an 
area of about 20000 yd? of coal seam. Air will be supplied to the air tubes 
in the boreholes by pipeline from a central blower station to the tops of the 
shafts and thence by ducting. Gas will return along the boreholes and will 
be cooled by water spraying in the gallery and shaft, the top of the shaft being 
capped with a gas offtake connected by surface gas mains to the power 
station boiler house. Two sections operated simultaneously will provide the 
gas requirements of the power station, about 10° ft*/h, the life of these 
sections in continuous operation being about nine months. 
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Experimenta! and development work are continuing on the ‘blind borehole’ 
technique. The essential features of this technique are that an air pipe is 
inserted along each borehole, the coal is ignited at the blind end and air is 
blown into the resulting reaction zone. The hot gases pass back along the 
borehole but outside the air pipe and so transfer much of their sensible heat 
to the ingoing air. So far all experiments have been conducted with single 
boreholes, but final preparations are now being made for the first multiple 
borehole experiment. The probable cost of the low-grade gas, if in commercial 
production a few years hence, has been calculated as about half that of power 
station coal for equal thermal value (C. A. MASTERMAN, paper to North of 
England Institute of Mining and Mechanical Engineers, 5 October 1957). 


An account of field scale experiments from 1951 to 1954 in the underground 
gasification of coal at Gorgas, Ala., has recently been published by the U.S. 
Bureau of Mines [Rep. Invest. U.S. Bur. Min. No. 5367, October 1957]. The 
method of electrolinking-carbonization was used for the preparation of the 
site for the passage of the gasmaking fluids used (air, oxygen and steam). It is 
concluded that this technique shows promise. The electrode spacings employed 
were 150, 152 and 155 ft. With a spacing of 150 ft, the tonnage of coal that 
may be gasified between a pair of electrodes is small, and the site develop- 
ment and installation costs are greater than the system operating cost, which 
may indicate a high-cost product. Further development of the technique 
could probably result in the use of greater electrode spacing, with a consequent 
decrease in product cost. 


DETERMINATION OF CALORIFIC VALUE OF COAL 

B.S. 1016: Part 5: 1957 has now been issued as a revision of part of the first 
issue of this British Standard in 1942 which is concerned with methods for the 
analysis and testing of coal and coke. The new standard is being published in 
parts and the present one deals with the determination of the gross calorific 
value of coal and coke. Several modifications have been introduced. Thermo- 
meters of the fixed scale type and of a high standard of accuracy are specified. 
Beckmann thermometers are no longer permitted. The method of determining 
the effective heat capacity (water equivalent) of the system has been specified 
more clearly. A special nickel-chromium foil crucible is recommended for use 
in determining the heat capacity of the system if difficulty is experienced in 
obtaining complete combustion of benzoic acid when using crucibles of the 
types specified for coal. Either the Regnault—Pfaundler or the Dickinson 
formula may be used for calculating the cooling correction. 


It may be necessary to increase the initial oxygen pressure to 30 atm (gauge) 
for anthracites and coals which are difficult to burn completely at the lower 
pressure of 25 atm which is specified for normal operation. The higher pressure 
may be necessary particularly in bombs of small capacity. The permissible 
materials from which the components of the bomb may be manufactured are 
specified. The use of these materials overcomes the risk of failure due to 
intercrystalline corrosion. 


Full discussion of the principles involved in the determination of calorific 
value and the experimental precautions are given in a series of papers on 
bomb calorimetry by R. A. Morr and his colleagues [Fue/, Lond. 33 (1954) 
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448 and 462; 34 (1955) 283 and 303; 35 (1956) 261 and 476; 36 (1957) 447; 
and 37 (1958) 3. The re-printing in booklet form of the ten papers expected 
to constitute this series is under discussion and will depend partly on the 
anticipated demand. It would assist the publishers if readers will notify them 
of their interest in this project. 


AMERICAN CHEMICAL SOCIETY: PITTSBURGH AWARD, 1957 

The Pittsburgh Award for 1957 of the Pittsburgh Section of the American 
Chemical Society was presented in December to ALFRED RICHARD POWELL. 
The award, a specially engraved bronze plaque, is presented annually to an 
individual who is noteworthy because of outstanding contributions to 
chemistry in the area covered by this Section of the Society. Dr Powell is 
consultant to the Research Department of Koppers Co., Inc., and before 
retirement in 1956 he was Acting Manager of the Department. Early in his 
career he was associated with Professor S. W. PARR at the University of 
Illinois, in work on solid fuels. In 1923 he joined Koppers Co. after being at 
the Bureau of Mines in Pittsburgh for four years. Dr Powell is perhaps best 
known for his development of methods for determining the types of sulphur 
present in coal and its distribution amongst the products of carbonization. 
But he has made many important contributions to knowledge in other branches 
of fuel technology. 


RUSSIAN FUEL AND POWER PLANS 

The proceedings of a conference held over a year ago by the Power Institute 
of the Russian Academy of Science and Ministry of Electric Power Stations 
have recently been published in the Academy’s journal, Vestn. Akad. Nauk 
SSSR (J. Acad. Sci. USSR). The primary need is said to be for the develop- 
ment of a gas industry based on both natural and synthetic gas. At present the 
methods for producing gas of high calorific value are not very efficient. A 
reconstruction of the methods of winning, transporting and processing of 
both solid and liquid fuels is necessary. Reference is made to high-intensity 
burning of coke, high-intensity drying and high-speed thermal pretreatment 
of fuels. Milled peat is used for the supply of 100 MW plus about 2-5 x 10* m*® 
of high calorific gas for one town. The method used is much more economical 
than that using oxygen-steam blast under pressure, which appears now to be 
discredited. 


Efficiency in boiler operation in Russia is about the same as that in other 
countries. Their range of boilers has been standardized, and they lead the 
field in the construction of once-through boilers of over 440 000 Ib/h capacity. 
Boilers of up to 10° Ib/h are being developed. In Moscow there is a scheme to 
change over all the power stations to natural gas [Fuel Efficiency 6 (1958) 414]. 


The coal industry and fuel technology in the USSR were reviewed by 
W. Ipris Jones, Director-General of Research, Scientific Department, 
National Coal Board, in a paper presented to the Institute of Fuel in Decem- 
ber last. His survey was based partly on personal experience as a member of 
the NCB Technical Mission to the USSR in May 1956 and partly on Soviet 
literature. Reserves of coal are said to exist sufficient to meet its consumption, 
according to the present plans, for some hundreds of years. Over half the 
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fuel requirements of the country are provided by hard coal, just under a 
quarter by lignite and most of the remainder by oil and peat. 


The rate of expansion of oil production in the USSR is very considerable 
and has actually doubled in the last five years. In particular the Volga—Urals 
field is undergoing extensive development. This rapid expansion has been 
made possible largely by postwar developments in oil drilling by the use of the 
turbine drill. A more revolutionary type of drill is undergoing trials. This 
drill has no bit but uses controlled blasts set off by means of explosives at the 
bottom of the drill hole. 


NEW COAL RESEARCH CENTRE IN PITTSBURGH 


It was announced in December last by Dr A. A. Potrer, President of Bitu- 
minous Coal Research, Inc., the national research association for bituminous 
coal in America, that the coal users and companies which supply materials and 
equipment to the coal industry are joining to establish a major coal research 
centre in Pittsburgh to be operated by the bituminous coal industry. The new 
centre, which is expected to be completed during 1959, will consolidate the 
industry’s cooperative research activities which are now being conducted in 
Columbus, Ohio, and Washington, D.C., with those already being carried out 
in Pittsburgh. The programme of research at the new centre will include 
basic research on coal and the development of improved utilization methods 
and equipment. The new project arises out of the general recognition amongst 
industrial and government economists that in coming decades the nation’s 
industries and utilities will have to depend more and more on coal as a source 
of power, heating, and as raw material for metallurgical and chemical 
process uses. Consequently there must be a major expansion of coal research. 


An announcement was made at the same time of the promotion of three 
executives of Bituminous Coal Research, Inc. Dr HAROLD J. Rose, of Pitts- 
burgh, has become vice-president and consultant to the Board of Directors, 
Mr J. R. Garvey, of Columbus, Ohio, has become Director of Research, and 
Mr JoHN W. Icoe, of Pittsburgh, has become Director of Administration. 
Dr Rose has been an executive of BCR since 1944, before which he was in 
charge of research for Anthracite Industries, Inc., and prior to that for 
Koppers Co., Inc. During these connections he was associated with the 
Mellon Institute on fuel research. He is the author of more than eighty 
technical papers. 


LIGHT HYDROCARBONS IN ALBERTA 


During the Third Western Regional Conference of The Chemical Institute of 
Canada, held in the University of Alberta, Edmonton, in September 1956, a 
symposium was held on The Occurrence and Chemical Utilization of Light 
Hydrocarbons, and the five papers presented are now published [Mimeogr. Circ. 
Res. Counc. Alberta No. 23 (1957)]. In Western Canada there is a plentiful 
supply of crude oil and natural gas, the two primary sources of petrochemical 
raw materials. In Alberta in particular there are immense resources of light 
hydrocarbons in the form of both natural gas and refinery gas, and the 
production rates will soon be proportionately large. These hydrocarbons are 
at present under development for the production of petrochemicals. If 
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availability of fuel gas and raw materials were the only consideration, the 
West would certainly be the petrochemical centre of Canada. Two of the 
papers in the symposium deal with developments in the chemical processing 
of light hydrocarbons including recent important advances in the production 
of linear isotactic hydrocarbon polymers. 


SULPHUR REMOVAL FROM FLUE GAS 
The Central Electricity Authority has recently issued a valuable bibliography 
on flue gas cleaning covering the years 1947-57 and sulphur removal and 
recovery for 1931-57 [C.E.A. Technical Information Service: C.E. Bibliogr. No. 
39A (1957)]. There are just over 200 references. References to electrostatic 
precipitation are given in another bibliography, C.E. Bibliogr. No. 40A. 


ROYAL SOCIETY OF ARTS: PRIZES 

The Royal Society of Arts is the Trustee for certain endowments and in 
connection with them offers prizes during 1958. The Howard Prize of £50 will 
be awarded to the author of a treatise on some aspect of the subject of motive 
agents. The Fothergill Prize of £20 is offered for a descriptive essay or model 
embodying some new idea for the prevention or suppression of fire. Entries 
for these prizes must be received by the Secretary of the Royal Society of 
Arts, 6-8 John Adam Street, Adelphi, London, W.C.2, not later than 31 July 
1958, and must be clearly marked with the entrant’s name and address and 
the prize for which they are submitted. Essays must be typewritten. Entries 
for these awards may be made by persons of any nationality. Further par- 
ticulars may be obtained from the Society. 


The Howard Prize for 1957 was awarded to A. E. JOHNSON, of the Mechani- 
cal Engineering Laboratory, East Kilbride, for a treatise on “Turbine disks for 
jet propulsion units: an account of work of the Disk Panel of the Ministry of 
Supply, Gas Turbine Collaboration Committee, during the years 1941-49’. 


The Fothergill Prize for 1957 was awarded to P. B. Smitn, of the Safety in 
Mines Research Establishment, Buxton, for an essay on ‘A new method of 
suppressing fires in mines’. 


PETROLOGY OF INDIAN COALS 


A major contribution to the study of the petrology of Indian coals has been 
made by P. N. GANJu, of the Department of Geology, University of Aligarh 
[Mem. geol. Surv. India 83 (1955) 1-101]. The work was carried out in the 
Geological Department of King’s College, University of Durham, under the 
direction of the late Professor H. G. A. HICKLING, F.R.S. 


Only one small piece of work on the microscopic study of Indian coals 
appears to have been published prior to the present investigation. The 
material on which the work is based is fairly representative since it came from 
as many as seven different coalfields of India, including the two important 
and most productive ones of Jharia and Raniganj. The coals from six of these 
coalfields are of Lower Gondwana age and those from Assam are of Tertiary 
age. Only about 2 per cent of Indian coal is from Tertiary coalfields. About 
140 specimens of coal from 44 different seams were examined. The technique 
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of making thin sections was modified to suit Indian coals which generally 
have a relatively high ash content. 


The coals in the Damodar Valley, which include those from the Raniganj 
and Jharia coalfields, are banded and of medium to low rank, whilst those in 
the Talcher and Pench Valley areas are non-banded, dull, low rank, similar to 
the Tertiary coals of Assam. The Lower Gondwana coals have usually a high 
ash content and are mostly low in moisture, the Assam coals have a low ash 
content and are relatively high in moisture. 


THE COAL INDUSTRY IN EUROPE 
The Organisation for European Economic Cooperation has recently published 
a report by the Coal Committee which is the third in the series The Coal 
Industry in Europe [OEEC: September 1957]. The report is in three parts: 
(i) the coal situation in 1956, (ii) short and long term prospects of the coal 
market, and (iii) urgent problems arising in the coal industry due to the 
increasing energy demands in Europe, particularly manpower and imports. 


SPECIALIST CONFERENCE ON FUEL RESEARCH 

In accordance with the recommendation of the British Commonwealth 
Scientific Official Conference, 1946, that specialist conferences should be 
called at intervals to promote liaison and collaboration between Government 
scientific organizations, the Second Specialist Conference on Fuel Research 
was held in London from 9 to 16 July 1956. The Report of the Conference, 
which contains the recommendations and a summary of the discussion at the 
various sessions has recently been published [Her Majesty’s Stationery Office: 
London, 1957]. 


Delegates from official research organizations in the United Kingdom, 
Canada, Australia, New Zealand, South Africa, India, Rhodesia and Nyasa- 
land, and the Colonies attended the Conference which was held under the 
Chairmanship of Dr A. PARKER, C.B.E., the then Director of Fuel Research, 
United Kingdom. By invitation, representatives were also present from other 
organizations in the Commonwealth interested in fuel research. 


The Conference discussed existing facilities for training in fuel technology 
and for carrying out fuel research in the Commonwealth. It is recommended 
that fuel research in the Commonwealth should be intensified as rapidly as 
possible. To assist in reducing the shortage of suitable personnel, special 
attention should be given in the general increase of facilities for training in 
science and technology to the provision of courses in fuel science and tech- 
nology in universities and technical colleges. The arrangements made at the 
First Specialist Conference on Fuel Research, July 1950 for ensuring liaison, 
exchange of staff and exchange of information between fuel research organiza- 
tions were reviewed. The policy of circulating at regular intervals confidential 
reviews of progress in selected fields of fuel research was considered a proven 
success and further topics were added to those originally selected for 
review. 


The possibilities of collaboration between the Commonwealth organiza- 
tions in investigational work were discussed and arrangements made to 
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initiate joint investigations in the fields of coke testing, coal grindability and 
petrographical work. 


To ensure the fullest possible exchange of information between Common- 
wealth organizations interested in fuel research the Conference recommended 
that state-aided research organizations and nationalized industries actively 
engaged in fuel research should be invited to participate as full members in 
future specialist conferences and in activities sponsored by these conferences. 


NEW CENTRAL HEATING SYSTEM IN HOUSES 
Central heating is potentially the most efficient and cheapest form of house 
heating. The installation, however, in an existing house of a full hot water 
central heating system is costly and often unsatisfactory. 


For the past six years the British Coal Utilisation Research Association has 
been carrying out research with the object of reducing the installation costs 
of a full central heating system to a level within the reach of a much larger 
section of the population and, at the same time, of producing a system more 
efficient in operation, thus reducing running costs. 


These objects have now been fully achieved with the BCURA system of 
small-pipe, forced circulation central heating. The principles of the system 
have been set out in a paper by D. V. Brook and S. A. BuRKE [J. /nstn Heat. 
Vent. Engrs 24 (1956) 45]. This system is suitable for the medium-sized house 
and is efficient, economical and comparatively cheap to install. For a house 
with a floor area of about 1 200 ft? the cost should be in the range of £280 to 
£350, including the cost of the boiler, automatic control and the design fee. 


Very small pipes 4 in. copper or 3 in. ungalvanized iron, are used to carry 
the hot water to the radiators. The pipes are small enough to be run incon- 
spicuously along skirting boards, and there is a saving of the cost involved 
in pulling up floors to conceal larger pipes. Holes can be drilled through 
partition walls, floors and plaster ceilings without damage to the decorations 
and little disturbance is caused to the structure of the house. 


Fuel savings arise in three ways. First, there are normally no pipes in the 
roof or beneath the ground floor where the heat from them would be almost 
completely wasted. Secondly, the very small pipes tend to localize the heat in 
those rooms where the radiators are on. Thirdly, new inexpensive methods of 
automatic control enable the central heating to be matched to the coldness of 
the weather. 


With the conventional gravity system heat is often wasted because the 
boiler temperature can only be reduced slightly without making the water at 
the kitchen tap too cool, and there is no other way of reducing the central 
heating output. Consequently overheating of rooms frequently occurs causing 
‘stuffiness’. In the BCURA system control of the central heating is achieved 
without having to lower the temperature of the boiler, so there is no inter- 
ference with the hot water supply to the taps (provided through an indirect 
cylinder from the same boiler). 


The use of very small pipes and the development of cheap automatic 
controls depend on the use of a new type of electric circulator which has only 
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recently become available. These circulators give the necessary head and 
consume only 70 W of electricity; they have no glands or oil lubrication, and 
they are sufficiently silent to be kept running indoors even at night. 


This system of central heating has been installed in twenty five houses near 
Leatherhead at the owners’ expense but according to layout designs prepared 
by BCURA and tests have shown that the system is as good under practical 
conditions as it had been shown to be in the laboratory. 


NATURAL GAS AS TOWN GAS IN SCOTLAND AND NORTH WALES 

In October last, Sir HAROLD SmitH, Chairman of the Gas Council, officially 
opened the supply of natural gas from a well at Cousland to the supply of 
town gas manufactured in Musselburgh, in the Edinburgh and South- 
Eastern Division of the Scottish Gas Board. The present productive depth of 
the well is 1 600 ft. The gas consists of approximately 94 per cent methane and 
6 per cent nitrogen; there is no sulphur, and the calorific value is 930 to 960 
B.Th.U./ft®. At the well-head the gas pressure is about 620 Ib/in® which is 
reduced in three stages to 3 lb/in?, at which pressure it enters the 4 in. diameter 
main which conveys it four miles to the Musselburgh gas works. As the gas 
has no characteristic odour, tetrahydrothiophene is added to it. The coal gas 
produced at Musselburgh has a calorific value of 450 B.Th.U./ft® and this 
will be reduced to allow a proportion of the Cousland natural gas to be 
mixed with it, so that the distributed gas will have the declared calorific value 
of 450 B.Th.U./ft®. The saving in coal for gas production at the gas works is 
estimated to be one ton for every 7000 ft? of natural gas used. 

The North Wales Gas Grid was opened by H.R.H. Prince Philip at Point 
of Ayr, near Prestatyn, in November last, and a portion of the gas supplied 
by the grid is from a unique supply of methane produced by a mine drainage 
system at Point of Ayr Colliery. The methane is being collected and brought 
to the surface under an agreement between the National Coal Board and the 
Welsh Gas Board providing the supply of 4-25 x 10° ft® of methane per week. 


In order to make the methane available for use in the gas grid as normal 
town gas, it is either re-formed with steam, or diluted with gas of poorer 
quality to reduce its calorific value by half. This is achieved in a Humphreys 
and Glasgow installation comprising two separate units. One of these is a 
re-forming plant using the Onia—Gegi cyclic process in which the methane 
is cracked in the presence of a catalyst at 900° to 1 000°C. This unit is designed 
so as to be able to make town gas from oil instead of methane if necessary. 
The second unit is a water gas plant, the gas produced being used to dilute 
the methane to town gas quality, or alternatively to crack the methane 
thermally by passing it through the hot zone of the fuel bed. With these 
different processes flexibility of output is obtained. With a low demand for 
town gas, all the methane can be re-formed catalytically without using other 
raw materials. With a high demand the maximum quantity of methane can 
be used by adding it to blue water gas or to gas made from oil. 


INVESTIGATION OF ATMOSPHERIC POLLUTION 
A publication Measurement of Air Pollution has been prepared at the Fuel 
Research Station to assist those who are interested in the measurement of 
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atmospheric pollution [Department of Scientific and Industrial Research, 
Fuel Research; Her Majesty’s Stationery Office: London, 1957]. It describes 
the scheme of investigation of atmospheric pollution in which local authorities, 
Government departments, industrial organizations, and others, cooperate. 
It also contains an account of the methods recommended for making syste- 
matic measurements of pollution, consistent with a scientific interpretation 
of the results. This study has been in progress, on a steadily increasing scale, 
since 1912, and in 1928 at the request of local authorities which were taking 
part, the Department of Scientific and Industrial Research agreed to under- 
take the work of coordinating the observations. The local authorities, on 
their part, agreed to make observations in their own districts and to con- 
tribute to the cost of the central services. 


The work of the Department on the investigation is guided by the At- 
mospheric Pollution Research Committee of the Fuel Research Board and 
there is a Standing Conference of Co-operating Bodies. The Atmospheric 
Pollution Bulletin is a confidential monthly record of observations, and 
summaries of the results are published periodically under the title The 
Investigation of Atmospheric Pollution—Report on Observations. In addition 
to these reports, Atmospheric Pollution Research Technical Paper No. 1— 
Atmospheric Pollution in Leicester [Her Majesty’s Stationery Office: London, 
1945] describes the results of what is probably the most comprehensive 
survey of pollution ever carried out in and around an industrial town. The 
effects are discussed that might be observed if specific steps towards smoke 
abatement were taken. 


Descriptions are given of determinations of deposited matter with the 
British Standard deposit gauge, suitable for long period observations; of 
deposited solid matter with the use of Petri dishes, suitable for short period 
observations; of sulphur dioxide by the lead peroxide method and also with 
volumetric apparatus; and of smoke or suspended matter. 


COAL PREPARATION FOR COKING 


A process of coal preparation for coking was developed a few years ago by 
E. BURSTLEIN at the Thionville plant of the Société Lorraine Escaut. It has 
been in regular use here for the past six years and from experience with 
numerous Continental installations the process may be regarded as fully 
established [Colliery Guard. 196 (1958) 87]. A British company has now been 
granted an exclusive licence to build plants in this country in accordance 
with the Burstlein process. 


The technique takes into account that different coals which constitute a 
coking blend, and also the different petrographic constituents of each 
individual coal, vary widely in coking value, in hardness and in grain size. 
By various combinations of screens and disintegrators the process ensures 
that all the constituents of a blend have the optimum sizing for the production 
of a strong coke. This is in contrast with the conventional practice in which 
the indiscriminate action of the hammer mill tends to make friable coals and 
the soft petrographic constituents too fine whilst leaving the harder particles 
such as durain and shale too coarse. The selective preparation of coal in the 
Burstlein process, on the basis of differences in the petrographic constituents, 
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has been demonstrated in a large number of extended full scale tests to be 
effective in improving coke quality and reducing the production of breeze. 


TOWN GAS FROM METHANOL 


R. G. COCKERHAM and G. PERCIVAL, of the Midlands Research Station of the 
Gas Council, presented a paper to the Autumn Research Meeting of The 
Institution of Gas Engineers in November, on experiments on the production 
of peak-load gas from methanol and light petroleum distillate [Gas Counc. 
Res. Commun, No. GC 41 (1957)}. 

The work was carried out to investigate a possible practical alternative to 
the use of imported oil which at present is an auxiliary for increasing the 
flexibility of base-load processes to meet peak-load demands for gas. The 
alternative to the use of oil is naturally sought for in developing new processes 
for the gasification of coal. The experiments were based on a principle out- 
lined by F. J. DENT, that in any gasification process, the conversion of coal 
to town gas of necessity involves a number of operations, including the 
liberation of heat, the decomposition of steam, the production of hydro- 
carbons, the conversion of carbon monoxide, and the removal of carbon 
dioxide, hydrogen sulphide and organic sulphur, as well as mechanical 
features such as coal- and ash-handling. The suggested approach to a peak- 
load process is to perform as many as possible of these operations on base 
load, leaving the minimum to do at the peak. 

To adopt this principle an installation is required for the pressure gasifica- 
tion of coal so that, on base load, a pure organic liquid is synthesized that 
can be stored for subsequent gasification. Methanol appears to be suitable 
and its synthesis from carbon monoxide and hydrogen is thermally efficient 
and easy to control. A description is given of a catalytic process which might 
be used for the conversion of methanol to town gas, operating under pressure, 
without the use of oxygen and giving high outputs from plant units of simple 
design. The process consists essentially of reaction between methanol vapour, 
steam and nitrogen supplied as air, heated to 350°C, over a nickel—-alumina 
catalyst. Maximum temperatures would not exceed 700°C and operation 
would be continuous and could be automatic. The thermal efficiency would 
approach 90 per cent. A similar process appears possible with petroleum 
distillates of low boiling range. 


COAL SCIENCE LECTURE—*FROM COAL TO COKE’ 


The Coal Science Lectures of the British Coal Utilisation Research Associa- 
tion were established in 1951, ‘as a symbol of the belief that true advances 
come only from patient inquiry into fundamental principles, and as a recogni- 
tion of the need to apply recondite researches to practical needs’. The sixth 
in this series, delivered in London on 16 October, illustrated the relevance 
of these statements. The speaker was R. CHERADAME, Technical Director- 
General, Centre d’Etudes et Recherches des Charbonnages de France 
(CERCHAR), the research organization of the nationalized French coal 
industry, and the title of the lecture was From Coal to Coke. 

M. Cheradame reviewed the difficulties that the French have encountered 
in using certain of their indigenous coals for the production of metallurgical 
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coke, and dwelt particularly upon the efforts that CERCHAR has made to 
solve them. The major part of France’s iron ore occurs in Lorraine, where 
there are also considerable reserves of coal. Unfortunately the iron ore native 
to the area is poor in quality, and requires large, strong coke for its satis- 
factory treatment in the blast furnace. The coals of the Lorraine field are, by 
nature, unsuitable for the production of such large, strong coke. To meet 
the needs of the steel works it had been the practice for coke to be imported 
from the Ruhr or, alternatively, for coking coals to be purchased in order 
that they might be mixed with Lorraine coals to give the properties demanded 
of a metallurgical coke. 


It was to this urgent and fundamental problem of producing a satisfactory 
metallurgical coke from the highly swelling coals of Lorraine that CERCHAR 
addressed itself afresh in 1950 when a new programme of research was 
initiated. Since then the basic researches carried out in the Verneuil Labora- 
tories of CERCHAR, both in laboratory apparatus and small ovens treating 
up to 20 kg of coal, have been supplemented by practical tests on full scale 
ovens erected for experimental purposes at Marienau in the Lorraine coal 
basin. 

Turning to a detailed review of fundamental researches recently under- 
taken at Verneuil, M. Cheradame described a method by which the fissuring 
of a single coal on heating and cooling could be examined by observation 
with x-rays. This method could be combined with the use of a cine-camera, 
taking one frame per 30 seconds, to observe the progress of the plane of 
fusion, the plane of resolidification, and the development of fissuring. A 
study of the mechanical variations of the solid in the complete interval 
between resolidification and the termination of heating, using a Joumier 
dilatometer, showed the progressive contraction of semi-coke from 500 to 
1000°C, and also the variation in the rate of contraction. The contraction 
rate, which depends on temperature, starts from a maximum at resolidi- 
fication, the maximum having very different values for a good coking coal 
and a Lorraine coal. 


Another research at CERCHAR discussed by M. Cheradame was the 
investigation of the carbonization of blends of two fusible coals. He described 
how blends of different proportions of a good coking coal and a ‘flaming’ 
coal with high volatile matter behaved when carbonized. From the ex- 
perimental results obtained by CERCHAR he was able to deduce two rules 
for the utilization of fusible coals in industrial blends. These were (i) that 
their anti-fissuring ‘efficiency’ is greater the higher the temperature of re- 
solidification and (ii) that the richer in volatile matter and the less fusible 
the ‘flaming’ coal, the more fusible and rich in volatile matter had to be the 
coal mixed with it. 


He then discussed the relative efficiencies of coke dust and chars as inert 
additives in blends, and reviewed the work done on blends containing non- 
fusible coals. He pointed out that inert additives needed to be substances 
that did not contract much in the region of resolidification, with the result 
that the mean contraction rate became less. On the other hand, at higher 
temperatures, there were bound to be stresses due to relative contraction of 
coal and inert constituents. 
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The reactivity of coke has been selected by CERCHAR for study in its 
future programmes of fundamental research, and in this connection the 
Centre has already developed an original technique by means of which it is 
possible to measure the reactivity to carbon dioxide at temperatures of 
1 200°, 1 300° and 1 400°C. These reactivities appear to correlate reasonably 
well with the performance of foundry cokes; some other properties, such as 
porosity, have been measured in various ways during the course of the same 
work. 


Further notes on CERCHAR activities appear on page 251. 


BRITISH NUCLEAR ENERGY CONFERENCE 


The Institute of Fuel has become a constituent society of the British Nuclear 
Energy Conference and the Council has appointed the President, H. MCNEIL, 
to represent The Institute on the Board of the Conference. 


The other members of the Conference are the Institution of Civil Engineers, 
the Institution of Mechanical Engineers, the Institution of Electrical Engineers, 
the Institute of Physics, the Institution of Chemical Engineers, the Iron and 
Steel Institute and the Institute of Metals. 


Members of the Institute of Fuel are entitled to attend BNEC meetings 
sponsored by any of the constituent societies. The Secretary of the Conference 
is A. McDonaLpD, 1-7 Great George Street, London, S.W.1. 


KINETICS OF COAL CARBONIZATION 


The work on the pyrolysis of coal begun by D. FITZGERALD in the Central 
Research Establishment of the National Coal Board, Stoke Orchard [Trans. 
Faraday. Soc. 52 (1956) 362], was continued by him during a year’s leave of 
absence in 1956 as Eighth Arthur Duckham Research Fellow of the Institution 
of Gas Engineers, working under the direction of D. W. VAN KREVELEN, in 
the Central Laboratory of the Netherlands State Mines at Geleen [Publ. 
Instn Gas Engrs, Lond. No. 516 (1957). In this later paper the author points out 
that earlier studies of the kinetics of coal carbonization, in which gravimetric 
measurements were made in order to follow the reaction, gave information 
mainly as to the evolution of tar. For the study of the remainder of the 
products of pyrolysis, that is the gases which are not condensable at room 
temperature, the flow rate of the gases can be better used as the parameter for 
following the course of the reaction. By analysing gas samples taken fre- 
quently, a curve relating flow rate to time or temperature can be drawn for 
each of the individual gases, so that the carbonization reactions can be 
studied for each gas separately. This method was used in the present work. 


Conclusions are drawn from the results on the nature of the carbonization 
reaction and on the structure of coal. Some modifications are made to the 
author’s earlier scheme of coal pyrolysis. It is found that coals of about 92 
per cent carbon give the greatest total amount of hydrogen, while most 
methane is found to be produced from coal of 89 per cent carbon. The 
maximum of the other hydrocarbons is found with coals of about 86 per 
cent carbon. Methane flow takes place as a first order reaction up to about 
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500°C. Thereafter, the flow becomes larger than expected and this is inter- 
preted in terms of self-hydrogenation of the coal, for which independent 
evidence is also advanced. Hydrogen flow also takes place according to the 
first order up to about 500° to 550°C. Then the flow becomes less than expected, 
which is regarded as indicating that the activation energy of this reaction 
increases beyond these temperatures, owing to structural changes now taking 
place in the coke. 


On the assumption that the tar obtained in vacuum pyrolysis represents 
that portion of the coal which is only lightly or not at all bonded to the 
remainder, a value of the mean lamellar diameter for each coal is found, which 
is in very good agreement with published data. This may indicate the correct- 
ness of the assumption regarding the tar. 


GORDON RESEARCH CONFERENCES 


The Gordon Research Conferences for 1958 will be held from 9 June to 29 
August at Colby Junior College, New London, New Hampshire; New 
Hampton School, New Hampton, New Hampshire and Kimball Union 
Academy, Meriden, New Hampshire. 


The Conferences were established to stimulate research in universities, 
research foundations and industrial laboratories. This purpose is achieved 
by an informal type of meeting consisting of scheduled lectures and free 
discussion groups. Sufficient time is available to stimulate informal discussions 
among the members of a Conference. Meetings are held in the morning and in 
the evening, from Monday to Friday inclusive, with the exception of Friday 
evening. The afternoons are available for participation in discussion groups 
as the individual desires. This type of meeting is a valuable means of dissemi- 
nating information and ideas which otherwise would not be realized through 
the normal channels of publication and scientific meetings. In addition, 
scientists in related fields become acquainted and valuable associations are 
formed which result in collaboration and cooperative effort between different 
laboratories. 


It is hoped that each Conference will extend the frontiers of science by 
fostering a free and informal exchange of ideas between persons actively 
interested in the subjects under discussion. The purpose of the programme is 
not to review the known fields of chemistry but primarily to bring experts 
up to date as to the latest developments, analyse the significance of these 
developments, and provoke suggestions as to underlying theories and pro- 
fitable methods of approach for making new progress. In order to protect 
individual rights and to promote discussion, it is an established rule of each 
Conference that all information presented is not to be used without specific 
authorization of the individual making the contribution, whether in formal 
presentation or in discussion. No publications are prepared as emanating 
from the Conferences. 


Individuals interested in attending a Conference are requested to send 
their applications to the Director. Each applicant must state the institution or 
company with which he is connected and the type of work in which he is 
most interested. Attendance at each Conference is limited to 100. 


249 








W. A. KIRKBY 





The complete programme of the Conferences published in Science 
127 (1958) 526. 

Requests for attendance at the Conferences, or for any additional in- 
formation, should be addressed to W. GEORGE PARKS, Director, Department 
of Chemistry, University of Rhode Island, Kingston, Rhode Island. From 
9 June to 28 August 1958, mail should be addressed to Colby Junior 
College, New London, New Hampshire. 

The Gordon Research Conferences on Coal will be held at New Hampton 
School, New Hampton, New Hampshire, and will include the following 
subjects: 


ALFRED R. POWELL, Chairman 
Henry C. Howarp, Vice-Chairman 
23 June: Coal tar 
W. M. Bywater, Discussion Leader 
E. W. VOLKMANN. The structure of coal tar 
R. W. Dornte. Composition of high-temperature coke oven topped tar and creosote 
N. T. SHIDELER and F. WuirTier. Pitches and their modifications for special uses 
F. E. CisLak. Pyridine bases—their characterization 


24 June: Coal tar ‘ p 
MARTIN B. NEUWORTH. The composition of the low-temperature tar neutral oil 


H. R. BATCHELDER. Battelle studies on lignite tar 


Coal hydrogenation 
E. E. Donatu, Discussion Leader 
F. J. Dent. The hydrogenation of coal for gaseous hydrocarbons 
R. W. Hiresnue. High-temperature coal hydrogenation 


25 June: Coal hydrogenation 
H. R. LInDEN. Coal pretreatment and hydrogenation to high-BTU gas 
M. D. SCHLESINGER. Low-pressure coal hydrogenation 


Coal gasification 
L. L. NEWMAN, Discussion Leader 
XAVIER DuVAL. The reactions of carbon with water vapour 
C. G. VON FREDERSDORFF. Kinetics of fixed-bed and suspension systems of coal gasification 


26 June: Coal gasification 
W. H. Oppett. Considerations in the design of a liquid slag removal system for a pres- 
surized fixed-bed generator 
F. J. Dent. Experiments on the gasification of coal in fixed bed pressure gasifiers 
SABRI ERGUN. Tracer techniques in the investigation of the nature of reaction sites 
C. D. Pears. Process variables and parameters in the underground gasification of coal 


27 June: Paths in coal research 
Henry C. Howarp, Discussion Leader 
H. H. Lowry 
MARTIN B. NEUWORTH 
IRVING WENDER 


W. A. KIRKBY 
COMBUSTION AND FLAME 


Attention is drawn to the following Notes which readers of Fuel may find 
of interest in the March 1958 issue of Combustion and Flame: 


Combustion of lean gases 

Developments in pulverized fuel firing of boilers 
Spontaneous combustion of coal 

The combustion of coal 
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The Editor is grateful for the following information on matters of present 
interest relating to meetings and other activities in the fuel science field which 
has been supplied by Monsieur R. Cheradame. 


FRANCE 

The addition to coal charges for coking of inert substances, such as coke 
dust and semi-coke, has been studied both in the laboratory of CERCHAR at 
Verneuil, and also by the Station at Marienau on a semi-industrial scale, and 
the best conditions of mixture have been established. 


The manufacture of semi-coke or of coke dust by fluidization is being 
studied in a pilot plant of 1 ton per hour at Marienau. The aim is to produce 
fluidization coke with very low volatile matter at 800° to 900°C. The product 
can be utilized either as accombustible in sintering plant or for adding to coke 
dust in the coke plants of Lorraine where stamping is carried out. 


The station at Marienau has studied on a semi-industrial scale the dry 
heating of coals in retorts; the coke plant at Hagondange will apply this 
technique on an industrial scale starting from the middle of this year. 


In October 1956, a central plant for the treatment of benzol started opera- 
tions at Carling in Lorraine. This plant treats benzol from all the coke oven 
plants of Lorraine and from several iron works. It has an annual capacity of 
50 000 tons of crude benzol, and refining is by hydrogenation under pressure. 
23 coke ovens have been operating in the Pas-de-Calais region, with a total 
capacity of 350 tons per day of coke; 25 have been operating in Lorraine, 
with a total capacity of 350 tons per day of coke. A new battery, using the 
Carbolux process (semi-coke.at a middle range temperature), was opened at 
Bruay in May 1957. Its daily capacity is 210 tons. 


The ‘Journées de la Combustion des Combustibles Solides et Pulvérisés’ 
organized by the Institut Frangais des Combustibles et de 1’Energie, took 
place in Paris during 4 to 7 December 1957. Professor MARCEL VERON 
presided over the organizing committee. The meetings were mainly concerned 
with information accumulated over the past few years about the combustion 
of solid and pulverized fuels, and with current tendencies in this field. 


Most communications dealt with aspects of pulverized coal firing (pre- 
paration, transport and combustion), special ovens, and the heating of 
buildings. 


An International Colloquium on Petrology applied to Coals took place in 
Paris on 28 and 29 October 1957, organized by the Centre d’Etudes et 
Recherches des Charbonnages de France. It was attended by 120 people. 


The following subjects were discussed : 


(1) Application of palynology to the correlation of strata of coal; utilization 
of microspores 
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(2) Minerals and rare elements—germanium, gallium—contained in fuels 


(3) Metamorphism and evolution from lignite to anthracite. Rank of a coal 


(4) The use of experimental petrographical methods for the study of agglo- 
meration, grinding and coking. 


Other CERCHAR activities are described on page 246. 





